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Abstract 
New radiation detector materials based on transition metal oxides [TMOs] are being 
developed for applications in radiation protection. The TMOs are cheap, simple to 
manufacture and have semiconducting properties, indicating either p-type or n-type 
characteristics. Thus, p-n hetrojunction diodes may be formed by combining p-type and n-
type specific TMOs to produce radiation sensitive detectors. This is done by layering the 
materials in a flame-spraying process. 
Work by Mott on amorphous semiconductors has inspired this work to addressing the 
theoretical analysis of the disordered TMOs. It is found that charge carriers are polarons due 
to the presence of localised states in the TMOs. Moreover, the charge transport mechanism is 
―Mott Hopping‖, whereby conductivity obeys the relationship of log σ ~ -[1/T]1/4. Practically, 
early studies have shown that TMO detectors perform successfully at room temperature as 
ionising radiation detectors. However, limitations existed in their very early design, which 
used Cu tape electrodes and, though demonstrated acceptable levels of response. This 
response did not meet the full expectation of the TMO detectors. New electrode deposition 
and materials, therefore, are sought to form ohmic and well-deposited electrodes. In this work, 
electrodes of Ag and Al were physically vapour deposited on either side of the detector. 
The electron microscope was used to fully evaluate the structure of the TMO 
materials. It is found that the flame-spray deposition is uniform with 3.56% of surface 
variation. Bulk and surface were scanned and were found to vary by 3.18% with variation in 
oxygen level of 0.55%. Mechanical polishing has shown a high level of validity to improve 
the surface by 94%. TMOs have demonstrated superior absorption efficiency of 19%, 
compared to Si [5%] of 200 µm thickness with 33 keV of incident photon energy. In contrast, 
CZT showed a superior intrinsic efficiency of 0.47%, compared to TMOs [0.02%] at 33 keV.   
In terms of x-ray and UV radiation tests, excellent correlations between TMO 
detectors, and IC and Si photodiode were observed. Also, detection was found to be uniform 
as expected across the p-n hetrojunction with a variation of 6% as an average. Finally, the 
TMO detectors were claimed to be feasible for detection of photons in the energy range of 
UV up to diagnostic x-ray. 
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Chapter 1 
1 Introduction 
1.1 Overview 
Radiation detection has reached an advanced technological level and has applications in 
medicine, industry and many other fields. However, there remain many factors which 
continue to reduce the ultimate performance of radiation detectors. For example, the high 
cost of production of large area Si detectors, the cooling systems necessary for Ge 
detectors and the fragility presented in the IC [ion chamber]. Thus, research continues to 
find new detector solutions that can offer high performance combined with economy and 
robustness (1,2). 
The operation of thin film photovoltaics are based on the generation of photo-
voltage at X [exposure] to sunlight, discovered by Becquerel in 1839. Semiconductors are 
found to be convenient for this purpose due to the possibility of p-n junction formation. 
Solanki listed the most important factors of a semiconductor material for suitability in 
thin film photovoltaic applications. These factors can be summarised into suitable BG 
[band gap] E [energy], high absorption coefficient, diffusion length of charge carriers 
[long-range order], availability, reproducibility and non-toxicity. All these factors will be 
addressed for TMO materials in this project (3). 
Several materials [e.g. CdTe, CZT and GaAs] possess the factors listed above, 
however, Si is the most common semiconductor amongst them. Different techniques are 
available in depositing thin film semiconductors, such as PVD [physical vapour 
deposition], sputtering and chemical vapour deposition (3). Therefore, Luque et al 
questioned; why are different semiconductors are being sought if Si is so well 
established? The simple answer is to achieve superior manufacturability at low cost for 
large scale [up to few m
2
] detectors (4). Photovoltaic thin film semiconductors have wide 
range of applications. The two main applications of concern in this project are x-
ray/gamma-ray detection (5,6) and solar cells (3,4). 
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In consequence, new radiation detectors based on semiconducting TMOs are 
being produced, using a flame-spraying technique in which pre-oxidised TMO powder is 
injected into a flame by a controlled process and deposited in layers onto a standard 
ceramic tile substrate. Both the materials and the production process are being developed 
jointly with Atmos technologies, the industrial partner to this project. The heat of the 
flame causes the pre-oxidised TMs powders to oxidise. Layers of varying p-type and n-
type TMOs are sprayed onto the substrate, building up a p-n hetrojunction based radiation 
detector. Thus, when TMOs are sandwiched between two electrodes, they are able to 
switch reversibly from a high conductivity, σ [ON] to a low σ [OFF], meaning that diode 
type structure can be created (1,2,7).  
For this project, TMO detectors were manufactured and supplied by Atmos 
Technologies Ltd. Atmos suffered from shortage in funding during this project, therefore, 
there was a significant shortage in samples. However, after a certain period of time, the 
project started to perform independently from Atmos. Therefore, the priority of this 
project was to maintain low cost throughout the assessment and development of the TMO 
materials and detectors. In other words, Atmos was involved only at the beginning of the 
project by supplying a set of full detectors and single-layered samples. After that, the 
author took the responsibility of all the measurements performed, including EM, 
synchrotron, PVD, mechanical polishing and radiation tests.   
TMO detectors operate at room temperature in the photovoltaic mode, where no 
bias is applied across the TMO detectors. Preliminary tests performed at diagnostic x-ray 
and UV E‘s. Results showed acceptable response to radiation in comparison with IC and 
Si photodiode, respectively. 
This chapter will explain the desirable detector specifications for different 
applications, TMs and TMOs. This is followed by a summary of the TMO applications. 
This summary will address the applications of the TMOs in recent time. After that, aims 
and motivations of the project will be clarified. Finally, scope of the thesis will be 
detailed to understand the flow of the thesis in regard to the project as a whole. 
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1.2 Desirable Detector Specifications 
This section will list the desirable detectors specifications then at the final conclusions of 
the thesis, TMO detectors will be assessed according to these desirable specifications, 
which are as follows. 
- Cost and Robustness 
One of the main requirements of any radiation detector material either for radiation 
monitoring or solar cell applications is reasonable cost. Thus, it is important to note the 
cost of survey meter for radiation monitoring applications and solar cells, such as Si, in 
the market to be compared with Atmos TMOs. Gas filled survey meters, which detects 
from 7 keV of γ-ray can be more than a thousand of GBP (8). The accuracy of the survey 
meter will be linked to linearity shortly. Also, photovoltaic Si solar panels are found to 
cost £700 per m
2
 (9).  
Another desirable feature in radiation detectors is robustness. Robustness will 
provide the ease of use while surveying, so sudden hits and vibrations do not affect the 
physical status of the detector. IC [ionisation chamber] is known to be fragile due to air 
equivalent material surrounding the chamber, which contains air. Hence, care must be 
taken while dealing with IC (10). 
In terms of Si, Si is relatively robust with 6.5 Mohs hardness, however, Si surface 
need passivation to avoid oxidation by SiO2, which will turn the semiconducting Si [1.12 
eV] to an insulating SiO2 [10 eV] (11). 
- Design 
In terms of detector design, large active area detectors are preferable for solar cells, 
compared to radiation monitor. Also, the active area should be uncovered by electrodes or 
otherwise to avoid scattering the UV radiation, which is not the case with diagnostic x-
ray. This is because thin layer [few µm] of metallic electrode will contribute 
insignificantly to the output signal as it will be discussed in  7.2.1.6 Detailed Line Profile 
(3). 
- Range 
In terms of energy range, TMOs should cover the range of 25 kV to 150 kV for diagnostic 
x-ray (8,10) and 3 eV to 120 eV for solar cells, which is the range of the UV primarily 
(3). 
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- Linearity 
Linearity is the net signal produced by a detector, plotted as a function of photon fluence 
rate. X-ray detectors should ideally have a linear response to x-ray photon fluence rate at 
a constant kV (1,2,12-17). This is because linearity allows a direct conversion to dose rate 
in dose meters. However, linearity is tolerable with a variation up to 10%. This is because 
the American Association of Physicist in Medicine sat this baseline with x-ray photon 
fluence rate, provided that a correction factor is applied, which is not the case in dose 
meters (18). 
However, this feature [linearity] is not required in solar cells as solar cells are 
preferable to be non-linear detectors to generate a signal in the highest possible magnitude 
with small photon fluence rate (17). 
- Photon Energy Dependence 
Radiation detectors are not expected to be linear with energy. However, some shows 
linear response at certain energies, which increases their liability to be used at this energy. 
This is because calibration is needed to correct for this non-linearity for direct dose 
measurements. One of the calibration methods is to compare the response of any detector 
to that of a well-known detector as suggested by Theocharous for CdTe calibration by Ge 
detectors (19). Fluke biomedical IC shows linear response [R
2
=0.999] with x-ray energy 
in the range of 30 kV – 80 kV. On the other hand, Si photodiode shows non-linear 
response to Elettra synchrotron radiation in the UV range as it will be discussed in the 
bulk of the thesis. 
- Reproducibility and Signal Stability 
Reproducibility presents repeat x-ray irradiation tests made on the same detector under 
identical conditions. Furthermore, signal stability is a measurement performed to find the 
degree of variation of a single net signal over time scale of graduated intervals. These two 
tests would show how reliable is a detector to be used on the field (1). 
The American Association of Physicist in Medicine specified the precision of the 
signal, which is represented by the reproducibility and stability, to be 3% of the average 
signal value as a maximum (18). Hence, typical diagnostic x-ray IC and photovoltaic Si 
photodiode reproducibility can be in the order of 0.3% and 0.8%, respectively. 
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- Atomic Number [Z] 
In terms of material specifications, high Z material are desired for high photoelectric 
interaction probability for low [UV] and medium [diagnostic x-ray] energies. This is 
because the probability of the photoelectric interaction varies directly with Z
4
 of the 
material. Si showed poor photoelectric absorption in high energies due to its relatively 
low Z [14], which requires a thickness of 100 cm that is unrealistic (20). 
- Efficiency 
Efficiency is the ability of the material to convert radiation to electrons (εabs) in the bulk 
of the active area then allow charge carriers to reach electrodes (CCE) without 
recombination or trapping (21).   
The highest efficiency of Si solar cells is 24.7%, however, commercial solar cells 
efficiencies are in the range of 17% to 18%. Also, for more realistic comparison with 
amorphous TMOs, amorphous Si has a typical efficiency within the range of 6% to 8% 
(3). Moreover, typical efficiency of CZT at 33 keV can be 47% as it will be seen in the 
bulk of the thesis. 
- Noise Level 
In terms of signal to noise ratio, authors suggested that the signal should be 4 to 5 orders 
of magnitude compared to the noise level. This is applied on all radiation monitoring and 
solar cells, such as Si and GaSe2 (22,23). 
1.3 Transition Metals and Transition Metal Oxides 
TMs occupy groups 3 to 12 of the central part of the periodic table and can be defined as 
elements possessing, either completely or partially filled d orbitals in one or more 
oxidation states. In fact, the oddity of the position of the d orbitals is the main feature for 
the TMs, where this oddity accounts for the variety of the TMs electronic properties. The 
term transition arises from the transitional position of the TMs between the metallic 
elements in groups 1 and 2 and the non-metallic elements in groups 13 to 18 (1,24). 
TMs range from the wide spread elements such as Iron in the earth crust to the 
extremely rare elements such as Tc, which does not occur naturally and was first prepared 
in 1937. TMs groups are subdivided into first row [filling of 3d orbitals], second row 
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[filling of 4d orbitals] and so on (24). This project will focus on first-row TMs, owing to 
their low cost, abundance and non-toxicity (25).   
TM compounds have variable oxidation states, which mean that they can form a 
substantial number of compounds. TM compounds have long-term stability even with the 
unpaired electrons in the d shells, whereas, out of the d-block, atoms with unpaired 
valence electrons [outer electrons] are called radicals. Radicals are short-lived and highly 
reactive. TMs in complexes, including TMOs, with open shells, and unpaired electrons 
are stable and common because the open d shells are contracted and core-like. This will 
be explained in chapter  2 Theory (24). On the other hand, TMOs have O [oxygen] as 
ligands, which have the predominant oxidation state of -2 [O
2-
]. TMOs, also, have a wide 
range of BG‘s, however, our interest is in semiconducting TMOs, which have the BG 
range of 3 – 5 eV (1). 
Ambiguities in oxidation states may arise when charge is partitioned between 
elements, which show variability in oxidation state. This led to the proposal of mixed 
valency, which allows the presence of more than one oxidation state in a TMO, for 
example, Fe3O4 have both Fe
3+
 and Fe
2+
 TM centres. This fact is important as it will 
contribute to the explanation of CTM [charge transport mechanism] in chapter  2 Theory 
(1,24,26). 
Finally, it is important to mention that Atmos used TMOs in the structure of spinel, 
corundum and rock salt. Spinel has octahedral and tetrahedral coordination, whereas, 
corundum and rock salt have only octahedral coordination. TMO structure and 
coordination will be addressed in chapter  2 Theory, meanwhile, summary of Atmos 
TMOs will be given in chapter  3 Materials and Methods (24,27).  
1.4 Summary of Transition Metal Oxides Applications 
TMOs have long been known and have wide variety of applications due to their 
transitional character. This is because TMOs can undergo metal-insulator transition as a 
function of temperature or pressure (27). For example, TMOs are widely used as solid 
state gas sensors for environmental safety purposes (28-30). On specific TMO, Cr2O3, is 
used for soft material mechanical polishing due to its relatively high Mohs hardness (31), 
they are used to dope organic wide band gap materials for p-type applications (32) and, 
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last but not least, TMOs can be used as oxidising catalyst in methane-methanol 
interaction (33).  
In considering TMOs as radiation detectors, Duffy stated that TM ions give rise to 
absorption bands in the UV region (34). Some investigation into the use of TMOs as UV 
detectors has been undertaken. ZnO is found in literature to be a promising common n-
type TMO, used for UV detection only, however, ZnO is usually used with Si to form a p-
n hetrojunction and difficult and expensive methods of material deposition are required as 
ZnO has to be in a very high quality status. These deposition methods can be pulsed laser 
deposition or molecular beam epitaxy. Other, more complicated TMOs have been 
investigated, such as La0.29Pr0.38Ca0.33MnO3 – Nb:SrTiO3, however, this material only 
responded to photon E ranges of 1.4 to 2.1 eV before undergoing saturation. In addition, 
other aspects were applied, such as doping [Li:NiO] and biasing [up to – 6 V]. 
Additionally, some authors did not test their TMOs with UV radiation. They just tested 
the I-V curves characteristics, which showed diode-like behaviour. Finally, Kuznetsov 
suggested coating Si photovoltaic solar cell with TMO to increase its output due to TMO 
high εabs [absorption efficiency] to UV, where an improvement in the output of 5% was 
observed (35-43).  
In terms of diagnostic x-ray detection, little literature exists in the use of TMOs as 
x-ray detectors. Alternatively, Atmos oxide [will be discussed later in chapter  3 Materials 
and Methods], in particular, can be found in literature for some physical properties only 
as it will be seen in the bulk of the thesis. In (2003) and (2004), Arshak conducted a series 
of measurements, using Gamma radiation [Cs-137] on a selection of few rock salt first-
row TMOs, such as MnO and CuO. Arshak used TMO-Si hetrojunctions in the bulk of his 
analysis and similar aspects to UV measurements, including biasing and doping, were 
applied to the measurements. Crucially, Arshak radiation response curves were 
characterised by saturation to a certain extent and non-linearity, although the 
hetrojunctions he used were tested by I-V curve and showed diode-like behaviour (44-
49).  
As it was mentioned above, Atmos uses a variety of TMOs, including spinel, 
corundum and rock salt structures. However, most of the TMO used by Atmos are not 
common in literature for radiation detection applications. On top of that, the deposition 
mechanism used by Atmos is the flame-spray deposition process, which involves 
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injecting pre-oxidised power into the flame to be oxidised and deposited onto a substrate. 
The flame-spray process will be explained in details in chapter  3 Materials and Methods. 
The production of oxides from powders is common in literature. Rao et al. 
mentioned the preparation of oxides by using pelletized starting powders then heating 
them up near the melting point. Also, Okutan et al. used TMO staring powders to prepare 
TiO2 samples. However, that was for chemical preparation, unlike Atmos flame-spray 
technique since Okutan was after crystalline TMO. Moreover, none of the authors pre-
oxidised the powders before deposition, which makes Atmos process unique. The pre-
oxidation phase is found to improve the stability of the oxide material (50,51). 
1.5 Aims and Motivations 
The ultimate aim of this project is to develop a technology for use as ionising radiation 
detectors for medical applications. One significant goal is to develop a technology for 
real-time radiation monitoring for radiation protection purposes. Clearly, this application 
will require robust, large area materials and in the fraction of the cost, compared to the 
currently used semiconductors in the market. This is because the TMO detector 
manufacturing process offers the prospect of being able to coat controlled and supervised 
areas with large area detectors [active wall tile]. This means, TMO detectors have the 
potential to overcome the issues of high cost and fragility often associated with other 
radiation detectors (1,2,7).  
In addition, these novel TMOs perform successfully as intrinsic semiconductors at 
room temperature in the photovoltaic mode, meaning there is no requirement to bias or 
dope the material. Initial testing, even at this very early stage of detector development, 
has elicited very promising results, when compared with literature, IC and Si photodiode.  
Finally, as it was explained in section  1.4 Summary of Transition Metal Oxides 
Applications, Atmos TMOs have never been used as ionising radiation detectors in the 
diagnostic x-ray range. Even in terms of UV, ZnO is the only common TMO detector in 
use, which will free the way for Atmos TMO to enter the UV field as well for solar cell 
applications. This means, a great deal of work is awaiting to be carried out on Atmos 
TMO detectors in order for them to meet their true potential. 
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1.6 Scope of the Thesis 
After giving the introduction, a comprehensive theoretical study will be fulfilled with a 
view to understanding Atmos TMOs charge carrier type and CTM. By this mean, it will 
be possible to link the theoretical modelling to the experimental results afterwards. Then 
materials and methods will be discussed, including background, corresponding equations 
and system setup for every single assessment or development attained in this project. 
After that, the thesis will be divided in four main sections. The first section will 
assess the prototype TMO detectors and will compare their performance to that of the IC. 
To avoid interrupting the sequence of the thesis, some aspect will be left vague 
deliberately in the text. This is because any rush of results will make no sense at that 
stage. 
The second section will be achieved by the aid of the EM [electron microscopy], 
where several tests will be performed together with justifications to the limitations 
presented in the first section during x-ray radiation assessment. Also, following the 
analysis of the EM, recommendation will be made in which the priority will go to the 
most effective limitations. 
Section three involves the prioritised developments in term of electrodes, and 
surface preparation. Due to the importance of the surface preparation, two solutions will 
be investigated, which are mechanical polishing and sputtering. 
The final section assesses the performed solutions and determines their 
effectiveness through the use of experiments, such as CCE [charge collection efficiency]. 
Broadly, the final section will be speaking of radiation tests in terms of x-ray and UV, 
attenuation coefficient, efficiency, and noise behaviour. 
Finally, conclusions will be drawn with referring to the rest of the solution as a 
form of future work. This is followed by references list then appendices. In fact, 
appendices play a big role in the thesis as many repetitive analyses are available. So, by 
the aid of the appendices, it is possible to include the main results and discussion, leaving 
any repeated measurement or images at the appendices for referencing. 
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Chapter 2 
2 Theory 
2.1 Introduction and Definitions 
Serious attempts to characterise and understand the electronic structure of TMOs began in 
1930s. This is because TMOs exhibit such a wide variety of properties and phenomena, 
where attentions should be drawn to the correlations among structural and operational 
properties. This is owing to their potential use in the development as novel electronic 
radiation detector devices (27,34,50,52). 
Some definitions would prove useful at this stage. An orbital is the region in space 
occupied by a single electron or a pair of electrons. According to Pauli Exclusion 
Principle, the maximum number of electrons per orbital is two and where this achieved, 
the electrons must have opposite spin (50). 
Orbital overlapping is the key factor in turning a localised orbital into an itinerant 
orbital via a convenient bonding in the case of perfect crystals. Orbital overlapping means 
multiple orbitals can occupy the same space and where orbitals overlap, a bond is formed 
immediately (50). 
The basic way of representing the crystal geometry of a TMO is by arranging the 
O ions around the TM ion in a method called Coordination, which arises from arrays 
formed from cations and their nearest anion neighbours. Octahedral and tetrahedral 
coordinations are the most common coordinations in TMOs (24,27,34,53). The oddity of 
the position of the 3d orbitals is the main feature for the TMOs. 3d orbitals are contracted, 
core-like and contribute much less than 4s orbital, and it is the 3d orbitals, which assign 
the TMOs electrical properties. This is depicted in Figure 1 for first-row TMOs 
(1,2,24,50,54). The orbitals responsible, therefore, for bonding and valance shell 
formation are 4s. In other words, the bonds holding the complex together are very largely 
built from the 4s TM orbitals together with O 2p orbitals, as 3d orbitals overlap 
insignificantly with the O 2p. On top of that, 4s orbital is of the more penetrating type as 
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it has subsidiary maxima fairly close to the metal nucleus and they are [subsidiary 
maxima] represented by the number of nodes. These nodes are equal to the actual orbital 
presence in each orbital principal quantum number [4s = 4 and 3d = 1] obtained from 
electron configuration. Consequently, the 3d electrons are more shielded from the nuclear 
charge in complexes compared to 4s. This greater shielding result in their being less well 
bound, and their radial distribution thus grows [see Figure 1] (1,24,50). 
 
Figure 1: 3d and 4s wave-form functions [not to scale] (24) 
Mott defined amorphous materials as a solid in which one or more of the three-
dimensional periodicity is absent. He suggested that amorphous solid prepared by 
physical heating can be insulators or wide BG [> 2 eV] semiconductors. The terms 
disordered, non-crystalline, amorphous, glassy or vitreous are synonyms but the last two 
terms are restricted to non-crystalline materials prepared by cooling from melt only. The 
TMOs used in this project are amorphous consist of a central TM ion surrounded by O 
ions. In terms of coordination, for instance, Mn
2+
 in MnO can be considered as the central 
ion in an octahedral MnO6 unit. In this unit, the six O ions create an electrostatic field 
surrounding the TM ion, where CF [crystal field] arises (1,2,12,24,27,34,53). 
Mott (active from 1968 to 1990), Cox (1992), Gerloch (1994) and Rao (1998) 
have paid valuable efforts to build the models, which account for the structure and 
electrical properties of TMOs, and form the foundation of much of the work being carried 
out on TMOs today. The CFT [crystal field theory] describes how TM ions are perturbed 
by their environment. Here, the five 3d orbitals are split into two sets. The top two 
orbitals set is called eg and the lower three orbitals set is called t2g. This splitting gives rise 
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to a crystal field splitting E between the higher E eg and the lower E t2g. Therefore, d-d 
transitions are must be taken into account and not to be confused with the BG 
(2,27,34,53). 
This is because the transition from the VB [valence band] to the CB [conduction 
band] through the BG [in other words, CTM] is the key factor in the theoretical section of 
this project. Friedrich and Stefan did some XPS [x-ray photoemission spectroscopy] work 
on NiO and they emphasised that confusion might occur between p-d transition [VB to 
CB] and d-d transition. This is because the BG is sandwiched between a filled VB and an 
empty/partially filled CB. The VB is predicted to be made up of O 2p orbitals, whereas, 
the CB is made up of TM 3d orbitals (2,24,27,50,54). 
The importance of the CFT arises because the molecular environment will have an 
effect on the CT, since the TMs 3d orbitals are highly affected by the molecular 
environment. According to CFT, this is because each environment, such as Octahedral or 
Tetrahedral, has its own orbital splitting and ions arrangements (1,24). 
Defects are defined as sites, where the periodic potential of a perfect lattice is 
disturbed and they can simply be random. Also, defects change the net charge of the 
network, while keeping the same crystal structure. They act as scattering/absorbing 
centres and, so, lower the μ and σ of electronic carriers by introducing localised states 
within the BG (27,50,55,56). 
Due to the presence of defects and consequently, localised orbitals, certain charge 
carriers show up. Polarons are the agreed charge carriers by all authors in literature and 
these are defined as carriers trapped at one site by the local lattice polarisation they cause. 
Polarons characterise by having a specified CT mechanism called Hopping as it will be 
discussed shortly (2,54,57). 
2.2 p-type and n-type TMOs 
It is essential to explain why some semiconducting TMOs show p-type characteristics, 
whereas, others show n-type characteristics. In terms of p-type TMOs, electrons are 
removed by extra oxidation, which will have an effect on the stoichiometry [O to TM 
ratio] of the TMOs. For instance, NiO shows p-type characteristics. This is because the 
average oxidation state of Ni is lower than Ni
2+
, which fits perfectly with O predominant 
oxidation state [O
2-
] and so, there must be some holes in the levels of NiO (2,27,58). 
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On the other hand, n-type semiconducting TMOs are obtained when higher 
oxidation states [higher than TM
2+
] are predominant i.e. opposite to the p-type process. 
Conduction then arises from transfer of the extra electrons provided by the TM. 
Therefore, modifying the stoichiometry will affect the type of the TMO, where an excess 
of O [oxidation] gives more holes in the VB (2,27,50). 
In consequence, when p-type TMO is put in contact with n-type TMO, a junction 
will be formed. This junction is a hetrojunction as p-type TMO is totally different 
material from n-type TMO. The hetrojunction differs from homojunction [e.g. Si 
photodiode] by having different E bands for CB, VB, EA [electron affinity is the 
difference between CB and vacuum level] and φ [work function is the difference between 
Ef and vacuum level], where Ef is the Fermi level. The only similar level in hetrojunction 
is the Ef and is defined as the top filled level in the ground state out of the CF. The 
equality of the Ef‘s indicates reaching the equilibrium (59). 
2.3 Crystal Field Theory 
The CFT was the first theoretical model to differentiate between free ions and ions in 
crystal patterns. The main idea of the CFT is that in the free ions, all electrons are subject 
to three central factors; Ek [kinetic energy], attraction to nucleus and repulsion between 
each other. On the other hand, in the environment of other ions [crystal pattern], electrons 
are expected to be subject to one more factor besides the factors listed above. This factor 
is the effect of the electric field established by the surrounding ions. This electric field is 
called CF (24). 
The BG of a TMO is predicted to be sandwiched between a filled VB and an 
empty/partially filled CB, furthermore, the VB is predicted to be made up of O 2p orbitals 
[as the O
2-
 ion has the filled shell electron configuration 2p
6
], meanwhile, the CB is made 
up of TM 3d orbitals. The basic view of how TM ions are perturbed by their environment 
is shown in Figure 2 (24,27,34,50). 
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Figure 2: 3d Orbitals of a TM ion in an octahedral coordination [NB: 3d orbitals are in the 
same E level before splitting, and for eg and t2g sets individually], reproduced from 
reference (55) 
In Figure 2, a TM ion in octahedral coordination is depicted. The five 3d orbitals 
are split into two sets. The first top set is called eg, where two orbitals have lobes of 
maximum probability directly pointing at the near neighbouring O ions. The lower set is 
called t2g, where the remaining three orbitals have nodal planes in the eg orbitals 
directions. The labelling eg and t2g come from their orbital symmetry behaviour of an 
ideal octahedron. Figure 2 shows how the octahedral environment gives rise to a CF 
splitting E [Δ] between the higher E eg and the lower E t2g. Indeed, eg orbitals have higher 
E than t2g orbitals because electrons in the eg orbitals [orbitals directed along coordinate 
axes] experience a greater repulsion from the negative ligands [O] than those in the t2g 
[concentrated between the axes] (24,27,53). 
In a tetrahedral coordination, the 3d orbitals splitting is preserved just like in the 
octahedral coordination. However, the splitting is reversed to become lower E e and 
higher E t2. Note that the g subscript is not used any longer as there is no centre of 
symmetry in the tetrahedral coordination. This is because four pyramidal O ions are 
surrounding the TM ion, unlike the octahedral coordination (24,27). 
The differentiation between the subsets [eg and t2g] in the octahedron was based on 
orbitals being oriented directly at or between the point charges [O ions]. However, in the 
tetrahedron, all 3d orbitals point between the O ions, though some are closer to the point 
charges than other. Accordingly, the magnitude of the tetrahedral orbitals splitting is less 
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than that in the octahedral. Gerloch showed that for the same TM [same 3d orbitals radial 
functions], these splittings are related by the following expression. Where, the negative 
sign emphasizes the inversion of t and e orbital subsets (24). 
                 
The Δ arises from electrostatic perturbation of the TM 3d orbitals by surrounding 
O ions together with orbital overlapping. The electron configuration for ions in octahedral 
sites or otherwise are obtained by placing electrons in the t2g and eg orbitals according to 
Pauli Exclusion Principle. Moreover, the ground states of the free ions obey Hund‘s First 
Rule. This means that the electrostatic repulsion between electrons is minimised by 
arranging them as far as possible with parallel spins in different orbitals of the same E 
level. If these orbitals are then filled, anti-parallel spins are possible. After that, moving to 
higher E levels is required after filling all of the current orbitals. For instance, in an 
Octahedral coordination, t2g will be filled by spin up electrons, then after filling the three 
orbitals, spin down is possible. After filling all the three orbitals of t2g with both, spin up 
and spin down electrons, moving to eg orbitals is allowed. 
It is important to clarify the difference between d-d transition and the BG. For 
instance, Cr2O3 is a p-type TMO and is very common in Atmos TMOs. The d-d transition 
in the Cr2O3 is 2.1 eV. However, the BG, which represents the CT E, is 3.7 eV 
(24,27,50,60). 
It is worth mentioning that the effect of the CF on s orbitals will be only to shift its 
E. The three p orbitals are directed along the three axes [x, y and z] and so, electrons in 
these orbitals [for octahedral and tetrahedral] will suffer equal repulsion from point 
charges sited on those axes. Thus, the E‘s of the three p orbitals remain equal (24). 
The Atmos TMOs studied in this project [which will be introduced in chapter  3 
Materials and Methods] are based mainly on spinel structure. TMO spinels are 
compounds containing TMs in the general formulae AB2O4. O ions are arranged in the 
tetrahedral coordination with cation A and in the octahedral coordination with cation B. 
The spinel has the oxidation states of A
2+
[B
3+
]2O
2-
4. Also, corundum structure [U2O3] and 
rock salt structure [DO] are obtained in some cases, where both structures are in the 
octahedral coordination. NB: U and D represent TM ions. Corundum has the oxidation 
states of [U
3+
]2O
2-
3, whereas, rock salt has the oxidation states of D
2+
O
2-
 (24). 
Equation 1 
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In addition, the band structure with a well-defined BG is a feature of a crystalline 
solid without defects. Yet, for amorphous TMOs, which are deposited by spraying 
mechanism, this is not true. Defects result in a lack of long-range order that expands the 
band [CB and VB] edges exponentially. So, instead of the well-defined BG, there is a 
gradual exponential transition from the CB with freely moving electrons to localised 
states of traps, where electrons are immobilised. Similar behaviour is shown with the VB 
and holes as well and thus, hopping conduction is the only possible CTM (58,61,62). 
The next models will be explaining type of charge carriers and CTM specified only 
for amorphous TMOs. This is because Atmos TMOs characterised by having localised 
states owing to the presence of defects. 
2.4 Type of Charge Carriers 
Despite the wide insulating nature of all oxides, TMOs show some degree of intrinsic 
semi-conductivity. The transport properties of most of these oxides are dominated, in 
practice, by defects and non-stoichiometry (27). 
Any carrier moving in a semiconducting oxide will polarise the surrounding 
lattice. Polarons are defined as trapped carriers at one site by the local lattice polarisation 
they cause. The lattice polarisation accompanies the carrier in its motion. Thus, an 
electron moves as a heavy particle in a band because it carries its polarisation well with it. 
Hopping of polarons therefore becomes the predominant CT process. Charge carrier 
hopping occurs when carriers move from site to site by overcoming the potential barrier 
[see Figure 3 below] (2,24,27,50,52,56,57,63). 
 
Figure 3: Hopping of electron as a polaron within a portion of a TMO lattice between 
nearest-neighbour TM ion [TM: black circles, meanwhile, O: white circles] (2,52) 
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Polaron theory has been applied to semiconducting TMOs. In 1933, Landau was 
the first to propose the creation of polarons. In essence, d-band electrons are thought to 
move between TM ions via the 2p orbitals of O ions as seen in Figure 3 (2,12,63). 
Mott described the hopping of polarons in terms of polarisation wells in glassy 
TMOs. For instance, in the n-type Fe3O4, hopping of an extra localised electron from site 
to site would change Fe
3+
 to Fe
2+
. Thus, the ionic radius of the Fe sites increases for Fe
2+
. 
This is accompanied by polarisation of the surrounding lattice, which is the origin of the 
distortion that traps the charge carriers. This distortion moves with the carrier during its 
migration to an adjacent Fe ion. NB: hole transfer should be viewed as Fe
3+
 to Fe
4+
 
(27,50,52,56,57,64). 
An electron in a solid system interacts with both, other electrons and lattice. At 
high temperature [room temperature], the former interaction is ignored since the electron 
will have a sufficient E to overcome the coulomb gap between the two electrons. Hence, 
Mott stated that log σ ~ - [To/T]
1/4
, where T is the absolute temperature and To is a 
constant [To will be explained in section  2.5.2 Mott Hopping Modelling]. On the contrary, 
this is not the case in electron interaction with the lattice, where the formation of, and 
Mott Hopping of, polarons take place. This means that TMOs behave as typical 
semiconductors, where the resistivity decreases with increasing temperature exponentially 
(12,27,63,65-70). 
The increase in σ with temperature is due to the interaction of electrons with the 
lattice. As the phonons [lattice vibrations] increase with temperature, they can interact 
with electrons in which the phonons are absorbed and lead the electrons to move between 
states. In other words, electrons can exchange E with phonons, moving them from one 
localised state to another. This is responsible of shortening the life time of electrons in 
localised CB states and, thus, leads to delocalisation. Hence, this interaction with the 
lattice is the reason in forming polarons, and can be represented by the mean free path 
(59,63). 
The mean Free Path is a measure of the average distance travelled by a particle 
during a certain period before it interacts with other particles, including the lattice nuclei. 
A carrier‘s mean free path falls as temperature rises due to phonons, however, the mean 
free path cannot fall below the inter atomic spacing (13,56). Moreover, the potential well 
extends due to the polarisation of a lattice around a trapped electron [electron in a 
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localised state] as seen in Figure 4. This expansion is owing to the fact that the 
polarisation will cause a displacement of the surrounding ions due to the movement of the 
charge carrier. This ion displacement will cause it to release E. Figure 4 also shows the 
hopping mechanism of polarons, where level 2 is called the activation level in which the 
polaron is ready to hop as soon as it receives any extra E. The lattice view of Figure 4 was 
shown in Figure 3 (12). 
 
Figure 4: Hopping of polarons from site i to site j in terms of potential wells due to 
polarisation of lattice around a trapped electron; level 1: before hopping; level 2: activated 
state when electrons can move; level 3: after hopping (12,57) 
Broadly, the difference between ordered and disordered materials is that E bands 
may be smeared out in disordered materials, so some localised states may appear in the 
forbidden gap. These localised states are traps and, hence, activation E [1/2 polarisation E 
as seen in Figure 4] is needed to excite a polaron to a state, where it will be mobile. This 
E [activation E], applied for doped crystalline solids, was proposed by Mott, during his 
work on glasses containing TMs, where the polarisation well is formed around the charge 
carrier. According to Anderson, disordered TMOs suffer from having localised states in 
which electrons are thought of as localised on a TM by the random field caused by 
defects. As hopping is the only possible conduction in these localised states, the next 
section will focus on Mott hopping process and its application to Atmos TMOs 
(12,54,57,63,67,71). 
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2.5 Charge Transport Mechanism 
2.5.1 Historical Introduction and Definitions 
In 1956, Conwell and Mott first suggested the hopping process from occupied to 
unoccupied localised impurity states. Coincidently and independently, Pines, Abrahams 
and Anderson proposed the same hopping mechanism at that time (70,72). 
The localisation state was first expressed in detail by Anderson in 1958, 
expressing the absence of diffusion in some random lattices. This is because when an 
electron of an energy E is placed in a random volume, the electron will not diffuse away 
due to the localised states, which are owing to the static intrinsic disorder. Mott based his 
model on the Anderson model, and this model was named the Mott Hopping Model. 
Mott‘s work on amorphous semiconductors resulted in his winning the Nobel Prize in 
1977 (12,63,70-73). 
In 1968, Mott stated that the conduction in glasses containing TMs is similar to 
impurity conduction in doped semiconductors [e.g. Ge], which is hopping. In fact, 
hopping process occurs in a wide range of materials, such as doped semiconductors, 
glasses and amorphous semiconductors. This is because, whether the material which hosts 
the impurities is crystalline or non-crystalline, the impurity atoms are distributed 
randomly. In this sense, the difference between crystalline materials and non-crystalline 
materials is that the distances between sites i and j in Figure 4 are not constant in non-
crystalline materials, unlike crystalline materials (12,57,73,74). In addition, due to the 
random presence of defects, conducting electrons experience a potential, which varies 
randomly along the TMO material, which will interrupt the conduction process (27,73). 
2.5.2 Mott Hopping Modelling 
A key relation in the behaviour of CTM in disordered semiconducting TMOs materials is 
the prediction by Mott. This prediction suggests that the σ is temperature-dependant as 
log σ ~ - [To/T]
1/4
 for hopping among localised states in a three-dimensional system. This 
prediction is represented mathematically in the following equation (12,51,67,68,70,73-
80). 
      
  
  
 
        
  Equation 2 
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α is the exponential decay of the localised states wave-functions. In other words, α 
is the length of the distorted lattice around a polaron and is in the order of few A
0‘s 
[Angstroms] in TMOs e.g. α = 3.5/A0 in Vanadium oxides (63,70,73,74,77). d represents 
the space dimension for hopping as three-dimensional hopping, which means d = 3. 
Additionally, the σ parameter [σo] is estimated from Diffuson [not to be confused with 
diffusion] theory. Briefly, Diffuson theory is a differential mathematical object based on 
the random motion of electrons within a disordered lattice in the physics of condensed 
matter. This parameter [σo] is dependent on the overlapping of orbital wave-function and 
phonon frequency (27,73-76). 
N[E] is the density of states, which is defined as the number of states per unit 
volume for an electron in the system. Thus, Mott stated that (12,51,67,70,74-79). 
    
    
     
  
Where, k is Boltzmann constant. Finally, Mott expressed the hoping range [R] and 
the hopping E [W] as (2,12,51,70,73,75-77). 
   
 
         
 
 
    
   
 
        
  
From Equation 4 and Equation 5, the average W should be minimum, when N[E] is 
maximum. This is because the electron will have the greatest chance to find another site 
with nearly the same E. In addition, the longer the α, the smaller the R, which will require 
more E to activate the hopping process. This leads to the conclusion that any lack of long-
range order will negatively affect the response of the TMO detector. Therefore, we are 
aiming to improve the manufacturing process to avoid any limitation mentioned above 
(2,27,57). 
2.6 Summary 
3d orbitals determine the electronic properties of the TMOs as they are core-like and 
contribute much less than the other 4s orbital. When p-type TMO is brought in contact 
with n-type TMO, a p-n hetrojunction will be formed (2,24,54).  
 
Equation 3 
Equation 4 
Equation 5 
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Theories of the electronic structure of TMOs were explained, starting by the CFT. 
The CFT puts the free ions in a lattice then it explains how these ions will arrange 
themselves according to the electrostatic force produced between them. Also, the CFT 
accounts for the production of the d-d band with Δ in Octahedral and Tetrahedral 
coordinations and they are the most common coordination in Atmos TMOs. This would 
eliminate the confusion, which might occur between the d-d transition and the actual BG 
(24). 
Mott‘s work on amorphous materials inspired the theory of the charge carriers 
type [polarons] and CTM [hopping]. Due to the presence of defects in Atmos amorphous 
TMOs, polarons are formed. Polarons move from site to site by a CTM called Mott 
hopping. Mott predicted that the σ is temperature-dependant and related by log σ ~ - 
[To/T]
1/4
 for hopping in localised states in a three-dimensional system (63,80). 
So far, it is possible to clarify the purpose of addressing the theory. As explained 
earlier, 3d orbitals determine the electronic properties of the TMOs. Consequently, the d-
d transition arises from CFT and this must not be confused with the actual BG [p-d 
transition]. This is because the actual BG is needed to be used in many aspects across the 
thesis, such as CCE and p-n hetrojunction BG estimation. In addition, polarons would 
cause the presence of extended potential wells. This indicates the need for extra E [> BG] 
to allow a charge carrier to hop from site to another [localisation E]. The localisation E 
will be quantified in section  7.4.2 Charge Collection Efficiency. Then, finally, modelling 
the only CTM possible for polarons [Mott hopping] would make it possible to correlate 
the response of the TMO detector with the EM images interpretation as it will be seen in 
chapter  5 Identification of Materials and Limitations. In the light of the EM analysis, we 
are able to improve the TMO detectors from initial status to current status as it will be 
demonstrated in this thesis.   
After addressing the theory of the TMOs, the experimental materials and methods 
are presented. The next chapter will discuss the manufacturer, TMOs used as part of this 
project and all the techniques applied to assess or develop the TMO detectors.  
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Chapter 3 
3 Materials and Methods 
3.1 Atmos Technologies Ltd. 
Atmos Technologies Ltd. was founded at Daresbury Laboratories, Warrington, UK by 
Mr. Jeffery Boardman in the mid 1990s, who is still director manager of the company. 
Recently, Atmos has moved from Daresbury Laboratories to another company called 2D 
Heat Ltd, also based in Warrington, UK (1,81,82). 
Atmos Technologies have designed a robotic flame-spray manufacturing method to 
produce the large-sized, low cost and robust TMOs, for application in radiation detectors 
and heating elements. The production process has won an award for low C technology in 
producing heating elements. The only waste product of the process is CO2 and the 
production process does not require full clean room conditions, thereby reducing running 
costs. The heating elements are 50% more efficient in heat transfer, when compared to 
ordinary coiled wires heating methods for domestic oven and hob use (7,81,82). 
3.2 Detectors Manufacturing and Design 
TMOs are deposited onto the substrate via the flame spray process developed by Atmos. 
TM pre-oxidised powders are injected into the flame by a controlled process and 
deposited in layers onto the substrate, using a depositing robot nozzle [see Figure 5]. The 
heat of the flame is produced from the combustion of a fuel gas with O and causes the 
TM pre-oxidised powders to melt, oxidise then to be blasted on the substrate surface 
(2,7,83). Table 1 summarises the characteristics of the flame-spray process. 
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Figure 5: Flame-spray process, reproduced from reference (84) 
 
Flame-spray process 
characteristics 
Value 
Flame temperature 1500 
o
C 
Fuel gas type Acetylene [C2H2] and O 
Fuel gas flow 
16 l/min for C2H2 and 40 l/min 
for O 
Deposition rate 20-25 g/min 
Particles velocity 200-600 mm/sec 
Table 1: Flame-spray process characteristics (83) 
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This depositing mechanism [flame-spray] produces amorphous semiconducting 
TMOs with wide BG as demonstrated by Mott. Mott said any physical heating technique 
[cooling from melt] is used mainly for preparing amorphous materials, which can be wide 
BG semiconductors or insulators (12). 
Although the flame-spray technique is the only deposition technique Atmos has 
access to, other possible techniques are present. Roa et al. listed chemical methods of 
oxide deposition. This includes the CVD, which is used in Diamond. Chemical methods 
are capable of depositing amorphous and crystalline TMOs. However, chemical 
deposition requires knowledge of the TMO crystals thermodynamics and reaction 
kinetics, which make chemical methods not straight forward. The advantage of the 
chemical methods is that the stoichiometry is controllable and pure oxides are possible to 
be produced (50). This can overcome many limitations in the flame spray technique, such 
as contamination, splash and defects as will be explained in chapter  5 Identification of 
Materials and Limitations. 
Other physical deposition methods are available for radiation detectors 
fabrication. This includes sputtering and PVD [physical vapour deposition]. However, 
physical methods require the row material to be already oxidised as oxidation process is 
not involved neither in vacuum PVD nor sputtering (45,46). PVD and sputtering can 
deposit uniform material, however, it is always recommended to follow each deposition 
by one of the evaluation techniques, such as EM, XPS, XRD or electron diffraction (85). 
Also, TMOs melting points are relatively high [> 1000 
o
C], hence, the PVD might require 
high temperature levels capabilities to be suitable for TMOs deposition.  
The first prototype generation of TMO detectors used for radiation measurements 
consists of a p-type TMO flame-sprayed over an n-type TMO slightly offset from the 
centre on a glazed-ceramic tile substrate with two Cu tape strips on the sides, acting as 
electrodes. This is depicted in Figure 6. NB: electrodes and contacts can be used 
interchangeably. Atmos produced a range of TMO prototype detectors in the size of 2.5 x 
5 cm
2
 and 7.5 x 7.5 cm
2
 (1,2).  
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Figure 6: Schematic side-view diagram of the prototype TMO detectors (1,2) 
After that, a second detector design was suggested and produced. This design has 
more conventional radiation detector geometry, with the two TMO layers being 
sandwiched [stacked] between the electrodes. A Cu electrode is flame-sprayed onto the 
substrate followed by n-type TMO then p-type TMO and finally, the second Cu electrode 
is sprayed onto the top surface. This is shown in Figure 7 (1). 
 
Figure 7: Schematic side-view diagram of the stacked TMO detectors 
The second stacked detector design was suggested due to the obvious limitations in 
the initial prototype design. These limitations can be summarised as the prototype design 
is not common in literature unlike the stacked design (3). Charge loss is expected in the 
initial prototype design as a generated charge carrier, for example, in the middle of the 
detector has to travel long distance across the width of the detector [several cm‘s] to reach 
the electrodes. Meanwhile, a charge carrier generated needs to travel only the thickness 
[hundreds of μm‘s] of the TMOs layers in the second design. In addition, the Cu tape 
electrodes of the initial prototype design are loose and do not act efficiently to collect all 
generated charge carriers. 
However, the stacked design failed to show any response to radiation, unlike the 
prototype design. This is due to poor boundary between different layers in contact, which 
is supported by our EM studies of those materials. Thus, all radiation tests and 
developments will be focused on the prototype design. Based on our EM results, 
development to the current manufacturing process was suggested together with an 
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alternative detector design. This will be stated in chapter  5 Identification of Materials and 
Limitations. 
The initial design is suitable for solar cells, where the second standard design is 
suitable for radiation monitoring. This is because the active are in the initial design is not 
covered by any electrodes to avoid insensitivity of the detector as expressed in  1.2 
Desirable Detector Specifications. 
3.3 Atmos Transition Metal Oxides 
As it was explained in section  2.3 Crystal Field Theory, the Atmos production method is 
capable of producing spinel TMOs. These materials are listed in Table 2 in the form of 
pre-oxidised powders and flame-sprayed TMOs.  
Pre-
oxidised 
powder 
materials 
Pre-oxidised 
powder 
composition 
Flame-sprayed 
compounds 
Flame-sprayed 
compounds 
chemical states 
Type 
FeCrAl 
Fe (75%), Cr 
(15%) and Al 
(10%) 
FeCrAlO4 Fe
2+
Cr
3+
Al
3+
O4 n 
FeCoV 
Fe (49%), Co 
(49%) and V (2%) 
Mixture of 
CoFeVO4 and 
CoFe2O4 
Co
2+
Fe
3+
V
3+
O4 
and 
Co
2+
(Fe
3+
)2O
2-
4 
n 
NiAl 
Ni (85%) and Al 
(15%) 
NiAl2O4 Ni
2+
(Al
3+
)2O
2-
4 n 
MnNi 
Mn (66%) and Ni 
(34%) 
NiMn2O4 Ni
2+
(Mn
3+
)2O
2-
4 n 
FeNiCo 
Fe (54%), Ni 
(29%) and Co 
(17%) 
Mixture of 
CoFe2O4 and 
NiFe2O4 
Co
2+
(Fe
3+
)2O
2-
4 
and 
Ni
2+
(Fe
3+
)2O
2-
4 
p 
Ni Ni (100%) NiO Ni
2+
O
2-
 p 
FeCr 
 
Fe (50%) and Cr 
(50%) 
FeCr2O4 Fe
2+
(Cr
3+
)2O
2-
4 p 
Fe Fe (100%) 
Mixture of FeO 
and Fe3O4 
Fe
2+
O
2-
 and 
Fe
2+
(Fe
3+
)2O
2-
4 
p 
Cr Cr (100%) Cr2O3 (Cr
3+
)2O
2-
3 p 
Table 2: Atmos TMOs 
  
27 
Notably, Table 2 contains the exceptions of the corundum structure [Cr2O3] and 
the rock salt structure [NiO and FeO]. These materials in particular did not show spinel 
structure because their powders were not pre-oxidised, and so pure Ni, Fe and Cr powders 
were used instead. Moreover, Atmos quoted the exact composition with the oxidation 
states, based on their XRD [x-ray diffraction] results. 
 
The TMOs listed in Table 2, will be used in this project for materials 
identifications and developments. However, radiation tests will be focusing on only fixed 
p-type and n-type TMOs combination, for consistency in development at assessment. This 
combination involves Cr2O3 as a p-type TMO and NiMn2O4 as an n-type TMO. Table 3 
gives a list of the TMO detectors label together with their size.  
Detector 
Label 
Size 
[cm
2
] 
Detector 
Label 
Size 
[cm
2
] 
TMOD1 7.5 x 7.5 TMOD3 2.5 x 5 
TMOD2 2.5 x 5 TMOD4 2.5 x 5 
Table 3: Cr2O3-NiMn2O4 TMO detectors used for radiation tests 
3.4 Tube X-ray 
3.4.1 Introduction 
An MXR-160 metal-ceramic x-ray tube with Tungsten anode, supplied by COMET, was 
used to fully illuminate the TMO detectors with x-ray photons in the diagnostic x-ray 
range. The x-ray tube was integrated with a control panel [HS-MP1], high voltage and 
water cooling systems, provided and installed by AGO Installations Ltd (1,2,86). 
This x-ray tube has a maximum kilo-voltage [kV] output of 160 kV and a 
maximum x-ray tube current of 30 mA. According to the instructions accompanied with 
the x-ray tube, precautions were taken to be under the maximum limit to avoid damaging 
the tube, and so experimental conditions were kept below 80 kV with 6 mA and 10 mA 
with 50 kV for all experiments (2,86,87).  
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X-ray kV range of 30 kV to 80 kV corresponds to a range of mean output photon 
E of 20.1±0.6 keV to 37.1±1.1 keV. This equivalent keV range is obtained by simulating 
the x-ray tube with 1.4 mm of Al as inherent filtration, using xcomp5r software. The SD 
[standard deviation] quoted with each E value is obtained from reference (88). This 
software was used as Meyer evaluated six computer codes and concluded that xcomp5r is 
one of the most reliable software with high accuracy [3%] (88).  
3.4.2 System Setup and Measurements Protocols 
Tube x-ray radiation tests were carried out with the setup shown in Figure 8. The source 
to detector distance was set after ensuring that the largest surface area detector [TMOD1] 
is fully illuminated, using Gadox paper. The output of the x-ray source was observed to 
stabilise within 10 sec of starting each exposure. Consequently, each measurement was 
started after 15 sec into the exposure. Also, warming up the x-ray tube together with 
cooling it down at the end of each experiment was followed according to reference (87) 
and (86) (1,2). 
 
Figure 8: Tube x-ray system setup 
TMO detectors were connected in series to a Keithley 6487 pico-ammeter, which 
monitored the current produced by the detector throughout the radiation measurements 
[current mode]. The pico-ammeter has a current range from 20 fA to 20 mA, a maximum 
resolution of 10 fA and an accuracy of less than 0.3% (1,2,7). 
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The pico-ammeter was turned on one hour before any current measurements were 
made in order for it to reach its operating temperature and so, achieve optimum accuracy 
[0.3%]. The temperature in the laboratory was also monitored regularly and was found to 
vary by not more than 1 
o
C. The current measurements recorded are the mean of 200 
individual data points, sampled over 60 sec. This number of data points was chosen as 
being the optimal compromise between precision and time, based on analysis of a range 
of data point values from 1 to 1500, which found that reproducibility within one SD could 
be achieved with 200 points in 60 sec (1,7). 
Care was taken to neither touch nor move the detector prior to or during the 
measurements. If the detector needed to be moved, it was allowed to stabilise for 15 
minutes prior to starting the measurement (1). 
All measurements were made in complete darkness, although initial testing 
observed a negligible difference in the detector signal with changes in the laboratory's 
ambient light level. This is because the BG E‘s of the TMOs vary from 3 – 5 eV, which 
makes them insensitive to visible light [3 eV for violet], especially, with the potential well 
expansion explained in section  2.4 Type of Charge Carriers. This makes TMOs 
insensitive even to the borderline of 3 eV (1,2). 
3.4.3 Ion Chamber [IC] 
The IC is a gas-filled detector in which incident x-ray photons are absorbed in the internal 
air volume. When absorption takes place, x-ray photons will interact with air atoms. This 
will result in ion pairs formation (10,13).  
The role of the bias voltage [300 V] is to separate the resultant electron-ion before 
recombination occurs. This will allow the ions to reach the cathode, where electrons reach 
the anode then to be directed to the electrometer. In other words, collection of all charges 
created by the direct ionisation in the air though the application of bias voltage. Thus, 
radiation is converted into electric charge (10,13). 
The IC used is the calibrated 15 cm
3
 96035B, supplied by Fluke Biomedical. The 
IC is connected in series with a Keithley 35050A dosimeter for exposure measurements. 
This IC is feasible in the range of 25 kV – 150 kV (8,10). 
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The IC was used in this project for two main reasons. The first reason is to 
compare the current produced in the IC with the current produced in Atmos TMO 
detectors. This can be achieved by placing the IC in the same setup shown in Figure 8 and 
for the same kV and mA steps. The resultant exposure rate can be converted into current 
according to the following equation (13,89). 
  
 
     
  
Where, X is exposure rate [C/kg.sec] 
Q is the total charge 
m is the mass of air inside the chamber  
The second reason is to calculate the photon fluence rate of the used x-ray tube at 
different tube currents. So, the photon fluence rate can represent the degree of linearity of 
the detector response as well as it will be involved in CCE calculations. This can be 
obtained from the relation of exposure rate to E fluence rate as follows (13,89). 
    
   
 
  
 
    
   
Where, Ψ is the E fluence rate [J/m2.sec] 
µen/ ρ is the mass E absorption coefficient [tabulated in reference (90)] 
e electron charge 
wair is the E required to produce one ion-electron pair in air 
After that, 
                    
 
 
  
Where, Photon fluence rate is in photons [p]/m
2
.sec and E is the photon energy 
3.5 Electron Microscopy [EM] 
3.5.1 Introduction 
In order to develop any device from its prototype condition up to the final presentation, 
where it can be applied clinically for instance, it is essential to understand clearly how 
Equation 7 
Equation 8 
Equation 6 
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this device works and precisely which materials it contains. This is fully applied to the 
TMO radiation detectors and can be achieved using the powerful EM technique (2,27). 
The EM is a type of microscope, which implements electrons in rastered fashion 
to illuminate a sample to produce a magnified image [10000 times]. This large 
magnification is due to the very small wavelength of the electron [~ 10
-10
 m], which is 
basically de Broglie wavelength [Wave-Particle Duality], compared to the light photon [~ 
10
-6
 m for red light] (91,92). 
The EM used in this project is SEM [scanning EM] supported by BSE 
[backscattered EM]. In the SEM mode, images produced show mainly topographic 
information about the sample surface. This is because SEM produces images by detecting 
low E secondary electrons [~ 5-10 eV] emitted from the surface of the sample as a result 
of the interaction between the primary electrons and the sample. In BSE mode, images 
indicate both topographic and compositional information as the flux of backscattered 
electrons produced by a sample varies directly with the sample's Z. Thus, in the BSE 
images, the brighter the area, the greater the Z of the elements present in that area. 
Additionally, SEM is usually equipped with EDXS [energy dispersive x-ray 
spectroscopy] for surface mapping. EDXS analysis is based on the characteristic x-ray 
produced by the surface of the sample. NB: SEM will be used to indicate SEM, BSE and 
EDXS techniques, unless otherwise is stated (1,91,93-95). 
In order for the SEM to produce accurate images, the object under investigation 
must be electrically conductive to prevent charge pile-up. Although the TMO samples 
analysed in this work are semi-conducting, the ceramic tile substrate on which they are 
sprayed is not and thus, the samples were coated in C for the scanning procedure to be 
successful (1,91,94,96). 
3.5.2 System Specifications 
The SEM system used is based in the Archaeology department, UCL. The components of 
the EM system are the SEM with built-in BSE detector, x-ray detector and finally, the 
dedicated software for analysis. These components are shown in Figure 9. 
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Figure 9: EM components: [A] Vacuumed chamber with sample mount inside [B] X-ray 
detector [C] Computer hardware and software [D] Liquid nitrogen container 
The SEM used is the Japanese manufactured Hitachi S-3400 in the high vacuum 
[10
-8
 mbar] SEM and BSE mode imaging. The accelerating voltage was set at 20 kV, 
resulting of a primary electron beam of 20 keV. This is to ensure that it exceeded the Kα 
[absorption edge] x-ray line excitation E‘s of the first-row TMs. Those two systems [SEM 
and BSE] are connected to a PC with software called Hitachi S-3400N (1,2,94-96). 
The x-ray detector attached to the SEM in order to detect the characteristic x-rays 
for EDXS is the HPGe INCA X-Sight x-ray detector, supplied by Oxford Instruments. 
This detector is connected to another PC [not shown in Figure 9] with software known as 
INCA used for further analysis (1,2,97). 
3.5.3 Spatial Resolution 
Calculating the SR [spatial resolution] of the system would help to increase the degree of 
certainty in interpreting EM image. This is because the key factor in image quality 
assessment is the SR, which describes the dimensions of the smallest detectable structure. 
If pixel intensity [y-axis] is plotted against the pixel location [x-axis], the FWHM [full 
width at half maximum] of the resulting curve [Gaussian curve] represents the SR, where 
the narrower the FWHM, the better the SR (98). 
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When a point source is projected through an imaging system, the resulting image 
will not be exactly the same as the source because there is no perfect imaging system. 
This imaging system will introduce some artefacts, such as blurring into the resulting 
image. This will result in a Gaussian distribution [point spread function, PSF] of the 
points over x-axis [pixel location] as a function of pixel intensity. Ideally, this Gaussian 
distribution should be a straight line at a single pixel (98). 
Since it is difficult to produce point sources in practice, line sources may be used 
instead, which provide a measure called the LSF [line spread function]. Alternatively, a 
test object with a knife edge can be used, which provides a measure called the ESF [edge 
spread function]. The first derivation of the ESF will produce the LSF. Gaussian fitting of 
this function will accurately specify the FWHM (98). 
χ2 shows the quality of the fitted Gaussian curve on the derived data points. One is 
the optimum χ2 fitting. Mathematically, χ2 can be obtained by the following equation (98-
100). 
       
       
 
   
      
 
      
Where, 
χ2: Chi square fitting 
yi: The derived data point on the derivation curve 
xi: The corresponding point on the fitted Gaussian curve 
n: Number of data points 
SD: Standard deviation 
DOF: Degree of freedom, which is the difference between number of data points and 
number of parameters in the fitting Gaussian function 
3.5.4 Sample Preparation 
Atmos has supplied a series of detectors in the form of single flame-sprayed layer 
samples, where each sample consists of either n-type or p-type TMO flame-sprayed over 
a glazed-ceramic tile substrate. In addition, the second stacked design will be used to 
assess different layers interfaces and to further understand why the second stacked design 
did not show any response to radiation. 
Equation 9 
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UCL together with KCL [King‘s College] worked jointly to prepare samples for 
the SEM tests. Diamond saws were used to cut the samples in small pieces [few mm
2
] 
without causing significant damage to the cut edges. This is because Diamond has the 
highest degree of hardness [10] on Mohs scale. The Mohs scale is a hardness scale based 
on specimen scratch resistance, linked to reference materials sat by Mohs from 1 for Talc 
to 10 for Diamond (101). 
This indicates that the Mohs hardness of a polisher should be higher than the 
polished material in order to be able to scratch the surface of the polished material. 
Automated water-lubricated SiC [from 200 grits down to 1200 grits] desks were used to 
prepare samples surfaces, as SiC has a high Mohs hardness value, which is in the order of 
9.2. NB: some samples are embedded in resin to obtain clearer SEM images, especially, 
in vacuum and top TMO surface interface (102). 
 
After that, an automated alumina cloth [9 on Mohs scale] polisher with a water-
based diamond sprayed surface was used to finish the polished surfaces/edges and 
minimise the scratches caused by SiC papers. This was to remove any deformation caused 
by the invasive SiC polishing (103). Finally, whenever the insulating substrate was 
required for scanning, the sample was covered in C. Thus, a vacuum deposition C coater 
called Edwards Auto 306 was used to coat samples for some selected tests (94). 
3.5.5 Scanning Methodology 
This section describes the steps followed in the experiments to scan the TMO samples. 
After ensuring that the sample is conducting/semi-conducting, either by nature or by C 
coating, the sample was placed on the holder tray. The surface of the sample [TMO layer] 
was connected to the tray, using C tape. This is because after placing the tray in the 
vacuum chamber, the sample will be automatically earthed. The height of the sample was 
measured, to avoid hitting the top of the sample with the bottom of the electron probe, 
which might cause severe damage to the system. To ensure the maximum possible 
resolution of the SEM, it is necessary to place the tray as close as possible to the electron 
probe and, therefore, it was important to measure the height of the sample. The size of the 
tray together with the height of the sample were typed in the computer software before 
starting the acquisition. 
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Air was processed then outside the chamber [vacuum] to start shooting electrons. 
The first images to be acquired in real time were SEM images in the TV mode. After 
lifting the sample as close as possible to the electron probe, the best possible resolution 
images were obtained together with switching from TV mode to mode 3. These modes 
[TV, 1, 2 and 3] will control the speed of the raster fashion, where the slower [mode 3], 
the highest resolution. Of course, modifying all the possible system settings, such as x-
plane, y-plane, brightness, contrast and probe current was useful. Images were also made 
in mode 3 BSE where the best possible resolution was achieved by modifying system 
settings. In terms of EDXS, another PC was implemented in this stage with the INCA 
software. This software has certain steps to be followed, starting with the sample‘s label 
and finishing with the final report. This second PC will speak to the first PC to transfer 
the same viewed image and do the analysis on it. In this position, a compositional table 
will be given as well as a surface map.  
3.5.6 Electron Microscopy Images Thresholding 
EM image thresholding is required to distinguish between defects and pure material. 
Therefore, in order to quantify EM images, image processing software should be used. 
The freewares ImageJ and GIMP were used for analysing EM images. ImageJ is provided 
by the US National Institute of Health [NIH], 1997 (104). GIMP was written by S. 
Kimball and P. Mattis from university of California, Berkeley in 1996 (105). 
Image thresholding can be set by a statistical method called Outliers. This method 
is suggested by Bohndiek for thresholding breast tissue samples images in order to 
quantify the degree of fats in these samples (106). Outliers would predict a range [inter-
quartile range, IQ], where values which fall out of this range are considered inconsistent 
with the rest of the values (107). This method divides an image histogram into four 
portions and takes the mean value at 75% and 25% [see Figure 10]. The difference 
between the upper [75%] and lower [25%] is the IQ value. This value is multiplied by 1.5 
and is then subtracted from the lower [25%] mean to form the lower outer fence [LOF]. 
The IQ value is multiplied by 1.5 then added to the upper [75%] mean to form the upper 
outer fence [UOF]. Mathematically, (108,109). 
                    
                    
Equation 10 
Equation 11 
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Figure 10: Outliers statistics on a histogram; IQ: interquartile, LOF: lower outer fence and 
UOF: upper outer fence 
According to the Outlier statistics, any value out of the range from the LOF to the 
UOF is considered a defect. By this method, it is possible to set a threshold on the image, 
where any value fall within the LOF to UOF is considered as genuine value (107). 
3.6 Physical Vapour Deposition [PVD] 
The PVD process includes transforming a deposited material‘s particles into the gaseous 
state by physical thermal evaporation. The deposition of the materials occurs in a high 
vacuum chamber [10
-7
 mbar], which allows the evaporated particles to travel directly to 
the substrate [target], where they condense back to the solid state (110). 
The PVD process was used as a form of electrode development in order to 
deposite ohmic electrodes. The deposition of the ohmic electrodes took place at the 
London Centre for Nanotechnology [LCN] (2). 
The Metal Box BOC EDWARDS FL 400 with its Auto 306 Intellemetrics IL 820 
control panel was used to deposit the metal wafers on the TMOs. The detectors were 
prepared by means of the areas of interest being left exposed, while, the rest of the 
detector area was covered by foil. The detectors were mounted on a tray to be placed 
upside down inside the vacuum chamber. Metal rods were placed in two floating pots at 
the bottom of the chamber. A vacuum was formed in the chamber until the pressure inside 
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the chamber became 10
-7
 mbar as a minimum. After that, the tray was circulated 
simultaneously with the temperature increment of the floating pots. Once the metals in the 
pot started to evaporate, the pot temperature remained constant until all the metals were 
evaporated and delivered onto the tray. The deposition rate was 3.5 nm/sec and the total 
film thickness was about 1.5 µm (2). 
Besides improving the conventional electrode structure [Cu tape] by using the 
PVD process, electrode materials selection is essential to optimise the ohmic electrodes. 
Selection of electrode materials is based on many factors, including φ, EA and BG 
(2,59,111). 
An ohmic electrode is a non-rectifying electrode used for the collection of charge 
created by incident radiation. Non-rectifying means the I-V curve at the TMO-electrode 
metal interface is linear and symmetric. In other words, ohmic electrodes must create 
negligible interface resistance compared to the semiconductor in contact (17,93,112). 
Once two materials are placed in contact, electrons will flow from the one with the 
lower φ until the equilibrium is reached i.e. Ef‘s are equalised. Thus, the material with the 
lower φ will show positive charge, while, the material with the higher φ will become 
negative. This means that an electrostatic potential will be formed and is known as 
Contact Potential |φmetal – φTMO| (59,112). 
In theory, metals with φ close to the semiconductor‘s EA form an ohmic electrode 
for n-type semiconductors, while, metals with higher φ, equal to the sum of the p-type 
semiconductor‘s BG and EA, form ohmic electrodes for p-type semiconductors. This is 
because at equilibrium, no band bending is expected in the CB and VB when the Ef‘s are 
aligned i.e. no contact potential. In a simpler sense, the TMO and the metal in contact 
should have the same φ‘s. This can be inspected in Figure 11 (59,111). 
 
Figure 11: E band diagram for p-type and n-type TMOs; VL: vacuum level 
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According to Brennan, it is not easy to find true ohmic contacts. This is because a 
little bending is expected at equilibrium due to the small Ef difference between the metal 
and semiconductor in contact. This bending will lead to the formation of the contact 
potential |φmetal – φTMO|. However, Yang indicated that electrodes are still considered 
ohmic or very low contact potential as long as the contact potential is in the order 0.51 
eV. This value [0.51 eV] is an average barrier height calculated from Yang‘s lowest 
theoretical and experimental results (59,113). 
3.7 Elettra Synchrotron 
A Synchrotron is a particle accelerator, where electric field [acceleration] and magnetic 
field [bending] are synchronised with the particle beam. The deflection of particles emits 
photons due to loss of E. Linear accelerators are used to eject particles with intermediate 
E‘s [MeV] into the synchrotron rings which are then accelerated to high E‘s [GeV]. The 
produced radiation is a unique form of radiation because of the high intensity and 
tuneable monoenergetic feature of the source (13,114). 
The Elettra synchrotron based in Trieste, Italy was used in this project. Elettra 
features a third generation synchrotron radiation source with beam E of 2.4 GeV inside 
the storage ring. The storage ring circumference is 259.2 m and supplies 24 beamlines 
(115). 
Beamtime in a beamline called BaD ElPh was allocated for experiments on the 
Atmos TMOs. In this beamline, two sources were used. The first source was an external 
tube x-ray source for XPS measurements. The second source was the synchrotron source 
for TMO response to UV radiation measurements. Specification and methodology of each 
source will be explained as follows (115).  
3.7.1 X-ray Photoemission Spectroscopy 
3.7.1.1 Introduction 
XPS is the E measurement of emitted electrons from solids generated by the photoelectric 
effect. This emission is due to the absorption of x-rays relative to the binding E of a 
material‘s electrons. As a result, the emitted electrons are characteristic for each core 
level they were emitted from. Hence, the material can be characterised in accordance to 
the E of the emitted electrons (26,54,116-118). 
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XPS spectra were obtained by illuminating the sample then measuring the Ek and 
the number of electrons which escape from the material‘s surface [tens of nm‘s]. Thus, 
XPS requires a high vacuum environment [10
-9
 mbar]. It is possible to change from 
binding E to the Ek and vice versa using the following equation, providing the incident x-
ray E [hw] is known (26,54,116-120). 
         
h represents Planck‘s constant, w is the frequency, and BE is the binding E. It is 
worth mentioning that Reinert et al. published a long report-like journal in 2005. This 
publication is a comprehensive study of the XPS from early days (1887) up to the date of 
writing the journal (2005). Hence, it is strongly recommended for any further information 
(54). Wagner et al. wrote a comprehensive book, which is considered to be the reference 
for all XPS spectra as it includes all possible XPS spectra of the periodic table elements, 
besides their complexes, such as oxides and fluorides (116). For simplicity, NIST 
provides an online service for determining corresponding materials of the XPS spectra 
(121). 
The XPS system was calibrated using pure Cu 2p3/2 at the BE of 932.62 eV as it 
was suggested by many authors (116,118,119,122-124). The subscript 3/2 is one of the 
total momenta [angular + spin] of orbital p in accordance to its spectral splitting. Hence, 
Table 4 shows angular momentum [l], spin [s], and total momenta [l±s] of s, p and d 
orbitals. NB: 2p1/2 & 3/2 is called spin doublet (34,116). 
Orbital l s l±s splitting 
s 0 ±1/2 ±1/2 
p 1 ±1/2 3/2 and 1/2 
d 2 ±1/2 5/2 and 3/2 
Table 4: Angular, spin and total momenta of s, p and d orbitals 
3.7.1.2 System Specifications 
The XPS system is located in one of the four vacuum chambers of the BaD ElPh 
beamline end station. The experimental end station has three independent ultra high 
vacuum [UHV] chambers [down to 10
-11
 mbar] as seen in Figure 12. The first chamber is 
divided into two dependant chambers, which are noted as A and B in Figure 12. Chamber 
A is called lock-chamber due to the possibility to open it then insert the sample then lock 
Equation 12 
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it then vacuum it. Chamber B is used to transfer the sample from chamber A to chamber 
C i.e. from a vertical transfer to a horizontal transfer. Chamber C is the synchrotron line 
and is called the preparation chamber. This is because it includes the Ar ion sputtering 
gun together with sample mounting tools [e.g. screw driver]. Finally, chamber D contains 
the XPS system, including the external x-ray source [see Figure 12E] and electron 
analyser. The sample holder [starts in chamber A and ends up in chamber D in Figure 12] 
can move in x, y and z directions together with rotational and angular motions (115,125). 
 
Figure 12: BaD ElPh UHV chambers: [A] lock-chamber [B] Transfer chamber [C] 
Synchrotron and preparation chamber [D] XPS chamber [E] External x-ray source 
The TX400 Al [Kα of 1486.6 eV] external x-ray source was used for XPS 
experiments. This source was supplied by a company called PSP Vacuum Technology, 
based in the UK (54,115,125,126). The photoelectron hemispherical analyser is the 
SPECS Phoibos of 150 mm radius with a 2D-CCD detector system. The CCD detector is 
a large area [40 x 20 mm
2
] detector, which offers a live acquisition of the spectra onsite 
(115,125,127). Finally, this XPS system will be used only to evaluate Ar sputtering effect 
on Atmos TMOs at the stage of surface preparation. 
In terms of sputtering, the high voltage [500 kV] generates ions in the inert gas 
[Ar]. These ions are directed towards a target, which is the surface of the TMO. Once the 
bombardment takes place, surface atom removal occurs. This process will remove 
hundreds of A
0‘s from the surface (85). 
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Single-layered flame sprayed TMO samples in the size of 1 x 1 cm
2
 were in use. 
These samples are similar to the samples used in the EM measurements. After mounting 
the sample on the sample holder in chamber A in Figure 12, the sample was moved 
manually until it reached chamber C. In chamber C, the sample holder was fixed using the 
screw driver attached to the chamber. This is followed by moving the sample to its final 
stage in chamber D. Recall that the problem of sample charging was overcome by 
earthing the sample using C tape.  
3.7.2 BaD ElPh Beamline 
3.7.2.1 System Specifications 
The BaD ElPh undulator-based beamline is one of the 24 beamlines of the Elettra 
synchrotron. This undulator is made of six periodic magnetic arrays. The BaD ElPh is 
operated in the low photon E of 4.6 – 40.0 eV (7,115,125). 
The BaD ElPh consists of a Si switching mirror to transfer the photon beam from 
the main ring toward the BaD ElPh beamline, a spherical pre-focusing mirror, which 
focuses the beam into an entrance slit, a monochromator and an Au-coated mirror, which 
refocuses the beam [300 x 300 μm] on the sample at the end station [chamber C in Figure 
12] (115,125). 
The pre-focusing mirror has two sections, which are a Si section used for photon 
E‘s up to 13 eV and a Pt-coated section used for photon E‘s above 13 eV. The 
monochromator has three [Al/MgF2, SiC and Pt] spherical gratings to cover the photon E 
of 4.6 - 40 eV (115,125). 
The BaD ElPh is equipped by a removable AXUV-100 photodiode, located 
between the Au-coated refocusing mirror and the end station. The AXUV-100 was 
supplied by a Canadian company called International Radiation Detector Incorporation 
and is a Si-based [BG = 1.12 eV] photodiode. The AXUV-100 operates at room 
temperature and in photovoltaic current mode. This detector covers the photon E range of 
1.12 eV – 31 keV (115,125,128). 
3.7.2.2 Methodology 
The TMO detector was mounted centrally in the beam at the BaD ElPh beamline and 
connected to the Keithley 6487 pico-ammeter. The AXUV-100 Si photodiode could be 
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moved in and out of the beam directly in front of the TMO detector for comparison 
purposes (7). Similarly, the AXUV-100 Si photodiode was connected in series to Keithley 
6487 pico-ammeter, which monitored the current produced by the photodiode throughout 
the measurements (7,125). 
Only two gratings were used in this project, which are Al/MgF2 for the E range 
4.6 – 14 eV and Pt for the E range 15 – 40 eV. This is because Al/MgF2 and Pt produce 
higher photon flux, compared to SiC. A Pre-focusing mirror was used according to the 
grating due to E range. This means, Pt pre-focusing mirror is used with Pt grating, 
whereas, Si pre-focusing mirror was used with AlMgF2 grating (125). 
Several tests were performed as it will be seen in section  7.2.2 Synchrotron UV 
Analysis. The same measurement protocols, presented for the x-ray tube, were followed 
in Elettra. This is in terms of sampling time [60 sec], number of readings [200 readings] 
and prior/during experiment precautions (7). 
3.8 Attenuation Coefficient and Efficiency 
3.8.1 Theoretical Calculation 
XMuDat is a freeware software, supplied by the Institute of Biomedical Science, 
University of Wien, Austria and was written by R. Nowotny (129). XMuDat is capable of 
plotting the μ/ρ as a function of E for elements and compounds by weight percentage. The 
calculation of μ/ρ is based on the tabulated μ/ρ, provided by Hubbell et al. (130).     
μ is a quantity used to characterize the probability of interaction of photons in a 
material. μ is represented by Equation 13. The inverse of μ is the mean free path. The 
dependency of μ on the type of the material and photon E makes it problematic for 
tabulation. Alternatively, μ/ρ is used widely as it is independent of the physical state of 
the material (17). 
     
     
Where, 
I0 is the intensity of the primary photon beam 
I is its intensity at a depth d 
Equation 13 
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μ decreases with increasing E [this will be explained in section  7.3 Attenuation 
Coefficient], however, there are abrupt jumps in μ at certain E‘s. These jumps occur when 
the E of the photon matches one of the binding E‘s of the atom. This is because the 
absorption of the photons increases drastically and the μ jumps to a higher value. The 
advantage of these abrupt changes in μ is used in radiation imaging to enhance image 
contrast (17).  
The μ of a compound at certain E can be obtained by taking the fraction of its 
individual components [mixture rule] according to (17). 
                    
wi is the fraction of i
th
 element in the compound. Ahmed demonstrated that the 
total μ of a stacked sample with different compounds is the sum of their μ‘s in accordance 
to their thickness in Equation 13. On this basis, the εabs of a sample with layers of 
different compounds and thicknesses can be written as (17).  
          
 
  
             
 
     
3.8.2 Experimental Measurement 
The εabs measurement can be achieved by placing a CZT [Cd0.9Zn0.1Te] detector behind 
the TMO detector in order to record I [transmitted photons] from a point source through 
the TMO detector. The CZT detector is a 9 cm SPEAR [single point extended area 
radiation] sensor, supplied by eV Microelectronics. The detector consists of a CZT crystal 
[5 x 5 x 5 mm
3
] in low attenuating Al housing together with a preamplifier followed by a 
filter board then finally, the 4-pin Lemo connector (131,132).  
This system is dedicated to the URSA II spectrometer and its software, provided 
by the American company SE International Incorporation. The whole system operates at 
room temperature. The point source used in this experiment was Cs-137, as Cs-137 has a 
photopeak around 33 keV, which was the E required for some of these experiments, such 
as µ [linear attenuation coefficient] (133). 
Figure 13 shows the system setup, where the wide beam geometry (17,134) was 
followed in this experiment. x and d represent the thickness of the TMO and the substrate, 
respectively.  
Equation 14 
Equation 15 
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Figure 13: εabs experiment setup  
The setup shown in Figure 13 with no x+d thickness was used to calculate the εi 
[intrinsic efficiency] of the CZT according to the following equation (13).   
   
                         
                                          
 
                         
                           
  
The solid angle is the detector surface area [5x5 mm
2
] divided by the square of the 
source-to-detector distance [10 cm] (13,131,132). After that, the net εabs of the TMO was 
deduced by subtracting the εabs of the substrate from the εabs of the total TMO detector 
[TMO + substrate]. Also, corrections were applied to correct for CZT εi and thickness in 
order to be able to compare it with TMO. 
 
 
 
 
 
Equation 16 
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Chapter 4 
4 Initial Status of TMO Detectors 
4.1 Introduction 
This chapter will assess the very first prototype TMO detectors in terms of linearity, 
photon E dependence, reproducibility and signal stability. These tests will evaluate the 
behaviour and reliability of these prototype TMO detectors, therefore, it is important to 
have reference points to be compared with the TMO detectors results. This reference will 
be the ion chamber [IC]. The IC will be compared with the prototype TMO detectors in 
every aspect mentioned above.  
The 15 cm
3
 96035B IC was placed in the setup shown in Figure 8. This is the same 
setup, where the TMO detector will be placed. Recalling Equation 6, Equation 7 and 
Equation 8, it is possible to calculate the current and photon fluence rate from the 
exposure. Beam E in Equation 8 is the simulated mean E of 50 kV, using the xcomp5r. 50 
kV in the UCL x-ray source is found to be equivalent to 30.0±0.9 keV. Moreover, all of 
the measurement protocols and setups were explained in  3.4.2 System Setup and 
Measurements Protocols.  
The TMO detector sample tested in this section is the TMOD1 mentioned in Table 
3. It is worth mentioning that the design of this detector [TMOD1] is the design sketched 
in Figure 6. In particular, it is the design with the two Cu tape stripes on both sides [n-
type and p-type TMOs], acting as electrodes. 
It is very important to express that most of the work in the remainder of this thesis 
was made according to the initial results obtained from this chapter. Therefore, some 
questions are left unanswered deliberately in the text until the answer arises at the 
relevant point in the thesis. For example, the presence of defects in the manufacturing 
process will be suspected but not confirmed until the EM experiments are performed. By 
this approach, the sequence of the project will not be interrupted by the rush of presenting 
results. Hence, motivations from the initial tests will be stated in order to be sensible to 
move to the following chapter.   
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4.2 Linearity 
Linearity is the net signal [signal - noise] produced by a detector, plotted as a function of 
the x-ray tube current [mA] for a constant x-ray tube voltage [kV]. mA is represented by 
the photon fluence rate. X-ray detectors should ideally have a linear response to x-ray 
photon fluence rate at a constant kV (1,2,12-16). Accordingly, Figure 14 shows the net 
signal from the IC plotted as a function of the x-ray photon fluence rate at a constant kV 
of 50 kV. 
 
Figure 14: Linearity of IC at 50 kV 
From Figure 14, the IC has a linear response [R
2
 = 1.000] to x-ray photon fluence 
rate. Note that the net signal was converted from exposure to current [pA], using Equation 
6 in order to be compared directly with the TMO detector as will be seen later. Also, the 
SD is plotted but not apparent as it is in the order of the fraction of a pA in the net signal. 
The fluctuation in the x-ray tube was estimated, using the IC and is found to be in the 
order of 10
10
 p/m
2/sec. Therefore, both SD‘s [net signal and photon fluence rate] are not 
apparent in Figure 14. NB: this is applied to all figures with photon fluence rate and 
current net signal, unless something different is stated. 
A linearity test was performed on the TMOD1 at constant kV of 50 kV [see Figure 
15]. A near-linear [R
2
 = 0.980] relationship between the TMOD1 signal and the x-ray 
photon fluence rate is observed. 
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Figure 15: Linearity of TMOD1 at 50 kV 
The cause of this near-linearity is suspected to be due to poor manufacturing of 
the detector, namely the flame-spray material deposition method. This is because any 
presence of defects would cause charge immobilisation in the detector due to lack of 
long-range order. This is beside the suspected structure of the p-n hetrojunction. It is 
doubted that a well-defined p-n hetrojunction can be formed, using the flame-spray 
technique as the manufacturing process involves blasting the p-type pre-oxidised powder 
on the pre-deposited n-type TMO layer together with rapid cooling process. Therefore, p-
type TMO-contaminated n-type TMO layer is expected at the hetrojunction. Also, the 
granular nature of the surface would contribute to form the undefined p-n hetrojunction 
(1,2). 
Due to those imperfections, a build-up effect of charge will follow each 
irradiation, leading to successive filling and empting of the defects. Therefore, the 
TMOD1 is expected to have some memory, yet the net signal is considered to be 
memory-free as the signal will increase in accordance to the increased noise, which is 
subtracted from the net signal. Also, the rate of charge carriers crossing the p-n 
hetrojunction along the detector is not constant due to granularity and contamination, as 
stated by Cox who indicated that the presence of defects causes non-linearity as structure 
symmetry disappears (1,2,27). 
It is noticeable that the TMOD1 did not show any saturation in the photon fluence 
rate range showed in Figure 15. The photon fluence rate is in the range of 8x10
12
 – 4x1013 
p/m
2
/sec with a mean E of 30 ± 0.9 keV, which falls within the acceptable range [25 kV – 
150 kV] for radiation monitor as explained in  1.2 Desirable Detector Specifications. 
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Thus far, the linearity test was performed on both the IC and TMOD1. So, the 
next step would be comparing Atmos TMO detector with the reference point specified, 
which is the IC. By this method, it will be possible to find out the most suitable step after 
knowing that the TMO detector behaves feasibly according to the IC. 
In order to compare the IC response to TMOD1 response in terms of linearity at 
50 kV, Figure 14 and Figure 15 are combined in Figure 16. This is done to obtain both 
linearity curves [TMOD1 and IC] in one figure. Additionally, as the net signal coming 
from the IC is much greater than the TMOD1 net signal, the net signal axis [y-axis] was 
converted into log scale. 
 
Figure 16: Cu tape TMOD1 vs. IC linearity comparison at 50 kV 
From Figure 16, the TMOD1 net signal forms 4.6% as an average of the IC net 
signal. This degree of relatively low net signal can be referred to several aspects. Cu tape 
electrodes are always the first suspected reason as it is the most apparent non-optimised 
factor. This is because Cu tape increases the capacitance as it stores signals underneath it. 
Also, using Cu on both sides might cause some rectification to the signal owing to 
incompatibility φ‗s. Therefore, CCE is the value which needs to be improved in TMOD1. 
This will be performed later in section  7.4 Efficiency. 
The two extra factors that affect the magnitude of the net signals are material 
deposition and detector design. In terms of materials deposition, any defects, including 
contamination will either immobilise or scatter the charge away, while moving across the 
detector. Also, the detector design has an effect as a generated charge in the middle of the 
detector will suffer from transferring a long distance [e.g. 3.25 cm in TMOD1] to reach 
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any of the electrodes. This will increase the possibility of charge scatter, trapping and e-h 
[electron-hole] recombination. Therefore, loss of charge is expected in such design. This 
was the reason for manufacturing the second stacked detector shown in Figure 7, 
however, this design did not respond to radiation due to reasons will be stated in section 
 5.13 Failure of the Stacked Design. 
Furthermore, surface preparation would contribute significantly to the production 
of relatively low net signals. This is because of the formation of undefined p-n 
hetrojunctions, which will lead to the requirement of more E to overcome the depletion 
layer. Also, the undefined p-n hetrojunction would cause e-h recombination in some 
defected locations at contact point. 
The sensitivity of the detector can be represented by the slope of the linear curve. 
This is because the greater the slope, the better the sensitivity. In Figure 16, the equations 
of the linear curves are shown for the IC and TMOD1. The sensitivity of the TMOD1 is 
found to be in the order of 2% compared to the sensitivity of the IC. This relatively low 
degree of sensitivity of the TMOD1 is owing to the poor CCE, provided by Cu tape 
electrodes, which will be quantified in section  7.4 Efficiency. 
As the SD represents the fluctuation of the net signal, the TMOD1 was found to 
fluctuate 76% more than the IC. This is in terms of linearity at 50 kV. Although static 
noise, which will be introduced in section  7.5 Noise, might have an effect, care was taken 
to keep movement near the detector and pico-ammeter to minimum. Cu tape contribution 
to fluctuation cannot be ignored. This is because successive charging and discharging is 
expected together with the trapping and de-trapping as a result of material defects. 
4.3 Photon Energy Dependence 
Photon E dependence is the detector‘s response plotted against kV at a constant mA. An 
x-ray detector‘s response should ideally be related to the kV2 for a constant mA. 
However, a linear response is expected in this case. This is because there are two 
competing effects that contribute to the shape of the E dependence curve. One is the fact 
that x-ray photon fluence rate increases with kV
2
 and the other is that the x-ray beam 
becomes increasingly more penetrating as the x-ray tube kV increases in the form of 
exponential decay. In other words, the mean photon E increases, which means less 
absorption in the IC is expected at higher photon E‘s (1,2,13,14).  
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On this basis, Figure 17 approximates a linear response [R
2
 = 0.999] as a function 
of kV at a constant mA of 6 mA. 
 
Figure 17: Photon E dependence of IC at 6 mA 
Analogously to linearity, the net signal was converted from exposure to current, 
using Equation 6 above, in order to be compared directly with the TMO detector as it will 
be seen later. Also, the SD is plotted but not apparent as it is in the order of the fraction of 
a pA in the net signal. Furthermore, the fluctuation in the kV was estimated, based on the 
x-ray unit control panel and found to be in the order of 1 kV. Therefore, both SD‘s [net 
signal and kV] are not apparent in Figure 17. NB: this is applied to all figures with kV 
and current net signal, unless something different is stated. Additionally, as it was 
mentioned earlier, the kV range [30 – 80 kV] is equivalent to a mean output E range of 
20.1±0.6 – 37.1±1.1 keV. This is obtained by simulating the UCL x-ray tube, using 
xcomp5r. 
Figure 18 shows the photon E dependence test on the TMOD1. A near-linear [R
2
 
= 0.986] response of the TMO detector signal as a function of kV at a constant mA of 6 
mA is observed. Likewise, the reason for the near-linearity is the mal-manufacturing 
deposition process provided by the flame spray technique. This is together with the 
unprepared TMO surfaces.  
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Figure 18: Photon E dependence of TMOD1 at 6 mA 
Also, note that the x-ray mean photon E range [20.1±0.6 – 37.1±1.1 keV] in this 
experiment is in the typical diagnostic range and no detector saturation is observed. This 
indicates that the detector has a range suitable for beam monitoring in a diagnostic x-ray 
setting as explained in  1.2 Desirable Detector Specifications (1). 
Analogously, Figure 17 and Figure 18 were combined in Figure 19 to be depicted 
in the same figure for IC and TMOD1. This is in terms of photon E dependence at 
constant mA of 6 mA.  
 
Figure 19: Cu tape TMOD1 vs. IC photon E dependence comparison at 6 mA  
In Figure 19, the TMOD1 net signal forms 4.3% as an average of the IC net 
signal. The same reasons of Cu tape, detector design, defects and surface preparation 
mentioned in the previous linearity section are applied to the photon E dependence. 
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In addition, the sensitivity of the TMOD1, compared to the sensitivity of the IC, 
represented by the slopes is in the order of 2% as well. Similar factor would affect the 
sensitivity, which is the CCE. Also, the TMOD1 fluctuates 62% more than the IC mainly 
due to defects and Cu tape. 
4.4 Reproducibility 
This section presents three repeat x-ray irradiation tests made on the same detector under 
identical conditions 0 h [zero hour], 1 h and 24 h apart. It is ideal to have the 
reproducibility with no noticeable difference [within the SD] between anytime 
measurements (1). 
4.4.1 In Terms of Linearity 
Figure 20 shows the reproducibility of the IC in terms of linearity at constant kV [50 kV]. 
The three curves are of 0 h, 1 h and 24 h of time intervals between each measurement. 
The setup used was kept perfectly still to achieve identical conditions between 
measurements. 
 
Figure 20: Linearity reproducibility of IC at 50 kV 
In Figure 20, the IC showed a reproducible behaviour with a difference of 0.3% 
only. This degree of reproducibility can be used as an empirical value to be compared 
with the TMO reproducibility results. By this method, it will be possible to know how far 
Atmos TMO detectors from such a reliable detector [IC]. 
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On this basis, Figure 21 shows three repeat linearity measurements on the 
TMOD1 at the times 0 h, 1 h and 24 h. It is depicted that the TMOD1 detector has the 
effect in which the magnitude of the signal depends on the degree of prior irradiation. 
This is quantified and found to be 8.5% decrement in each irradiation as an average. In 
other words, the net signal decreased from 0 h irradiation to 24 h irradiation by an average 
of 17%. NB: the detector does not recover even after resting for 24 h, compared to 1 h. 
The explanation for this fact will be presented shortly. 
 
Figure 21: Linearity reproducibility of TMOD1 at 50 kV  
There might be two reasons for this effect, presented in the TMO detectors. The 
first reason is the defects. Charge will be trapped then stored in these defects, which will 
lead to decreasing the net signal accordingly. The second reason is considered to be 
major, and that is the use of Cu tape electrodes. 
The presence of the Cu tape would highly increase the capacitance of the detector. 
So, when the charge reaches the electrodes, Cu tape attached on top of the TMO together 
with the insulating medium [air or glue] at the Cu tape – TMO interface would act as a 
capacitor and store the charge in it. This will prevent the charge from fully reaching the 
electrode and pico-ammeter. This means that the rate of the output is less [8.5% signal 
reduction in each irradiation as an average] than the actual output from the detector itself. 
Therefore, the detector needs time to recover and goes to 0 h behaviour after flushing out 
the stored charge in the electrodes. This fact will be supported in section  5.11 Cu Tape 
Insufficiency. Also, Cu is doubted to be compatible with both, n-type and p-type TMOs. 
There might be a rectification in the n-type TMO as low φ electrode material is required 
as mentioned in section  3.6 Physical Vapour Deposition. 
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Finally, Figure 22 is the combination of Figure 20 and Figure 21. The 
reproducibility in terms of linearity of the TMOD1 is of the total average of 17% [0 – 24 
h]. This degree of reproducibility makes the initial structure of the TMO detectors not 
acceptable as indicated in  1.2 Desirable Detector Specifications. This is to be compared to 
the IC value, which is in the order of 0.3%. As it was mentioned above, the main factor 
believed to be influencing the reproducibility is the electrode structure of Cu tape due to 
capacitance and rectification. 
 
Figure 22: Cu tape TMOD1 vs. IC reproducibility comparison at 50 kV 
4.4.2 In terms of Photon Energy Dependence 
The same procedure as in the previous section was followed to plot the 
reproducibility of the IC in terms of photon E dependence. However, this time by keeping 
the mA constant at 6 mA and varying the kV. This is depicted in Figure 23. 
 
Figure 23: Photon E dependence reproducibility of IC at 6 mA 
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From Figure 23, photon E dependence reproducibility showed a similar variation 
percentage to linearity reproducibility, which is in the order of 0.3%. On the other hand, 
Figure 24 shows three repeat measurements at 0 h, 1 h and 24 h of the TMOD1 in terms 
of photon E dependence. On the same basis, net signal reduction arises majorly due to Cu 
tape and minorly due to defects. It is found that the same level of decrement in linearity is 
presented in photon E dependence, which is in the order of 8.5% as an average in each 
irradiation. This gradual decrement [8.5%] leads to a total decrement in net signal from 0 
h to 24 h of 17% as an average. 
 
Figure 24: Photon E dependence reproducibility of TMOD1 at 6 mA 
Likewise, Figure 25 is the combination of Figure 23 and Figure 24. Similar values 
of 0.3% and total average of 17% for IC and TMOD1, respectively are observed. This 
degree of reproducibility makes the initial structure of the TMO detectors not acceptable 
as indicated in  1.2 Desirable Detector Specifications. 
 
Figure 25: Cu tape TMOD1 vs. IC reproducibility comparison at 6 mA 
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4.5 Signal Stability 
Signal stability is a measurement performed to find the degree of variation of a single net 
signal over time scale of graduated intervals. This was performed at constant 50 kV and 6 
mA, and without moving the setup [see  3.4.2 System Setup and Measurements Protocols]. 
The time intervals were at 1 min, 15 min, 30 min, 45 min, 60 min and 1440 min [24 h]. 
Table 5 shows the behaviour of both, IC and TMOD1 at similar time intervals. Note that, 
each time interval presented in Table 5, and in every coming signal stability test, is the 
sum of the previous time together with the current time e.g. signal at 60 min will be 
written as 150 min [i.e. 90 min + 60 min]. 
Time (min) IC net signal (pA) TMOD1 net signal (pA) 
1 870.0±0.5 35±2 
15 870.0±0.5 34±1 
45 -- 33±1 
90 -- 32±2 
150 870.5±0.5 31±2 
1590 871.0±0.5 30±2 
Table 5: Cu tape TMOD1 vs. IC signal stability comparison at 50 kV and 6 mA 
It is found that the signal variation of the IC over the time scales presented in 
Table 5 is 0.3% on average. This proves the reliability of the IC together with its 
feasibility to be used as a reference point to be compared with Atmos TMO detectors. In 
terms of TMOD1, the net signal keeps decreasing with time during the time intervals; the 
net signal at 24 h was decreased by 14% compared to the original signal at 1 min. 
As previously mentioned, this reduction in net signal is believed to be mainly due 
to the use of Cu tape. This is owing to the capacitance caused by the Cu tape pasted on 
top of the TMO layer. This is together with the effect of charge stored in the defects. 
As this test is the last test used to compare between IC and TMOD1, it is essential 
to mention that comparison between the IC and semiconductor has been well performed 
in literature. e.g. Alkhazov et al. and Martin performed a comparison between Si 
semiconductor and IC. Martin found that the response of Si photodiode is comparable to 
the IC, where the difference quoted was within 3%. This is for wide beam geometry and 
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for x-ray tube kV of 60 – 120 kV, which highlights experimental setup comparable to our 
setup [section  3.4.2 System Setup and Measurements Protocols]. This indicates that the 
TMO detector should, ideally, have comparable net signal magnitude to the IC, yet, this is 
not the case in Atmos prototype TMO detectors (135,136). In consequence, obtaining 
comparable response and sensitivity to Si, one of the well-known radiation detector 
materials currently used in the market, would increase the potential of the TMO detectors 
and widen their future applications to imitate Si applications. 
4.6 Summary and Conclusions 
In conclusion of this section, the TMOD1 was compared to the IC. Quantifications [%] of 
the TMOD1 results in comparison to the IC results are listed in Table 6.  
Radiation test Field of comparison Cu tape TMOD1 – IC [%] 
Linearity   
 Net signal magnitude 4.6 
 Sensitivity 2 
 SD 76 
Photon E dependence   
 Net signal magnitude 4.3 
 Sensitivity 2 
 SD 62 
Reproducibility   
 
In terms of linearity and 
photon E dependence 
from 0 h to 24 h 
17 [Cu tape signal 
decrement] and 0.3 [IC 
signal variation] 
Signal stability   
 
Signal stability from 0 h 
to 24 h 
14 [Cu tape signal 
decrement] and 0.3 [IC 
signal variation] 
Table 6: Summary of Cu tape TMOD1 vs. IC comparison 
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The novel TMO radiation detectors are at the very first prototype level, with many 
iterations of detector optimisation still to be carried out [see  1.2 Desirable Detector 
Specifications for comparison]. Crucially, initial testing, even at this early stage of 
detector development, has exhibited very promising results regarding the response of 
simple detectors to ionising radiation. Nevertheless, the detectors are still some way from 
achieving their full potential and more developments are needed to optimise the 
manufacturing process in particular (1,2).  
Recalling all the reasons, which might widen the gap between the TMO detector 
and IC behaviour, it is important to confirm each one of these reasons scientifically. 
Therefore, the thesis will be built with the aim of assessing then developing the TMO 
detectors, based on the findings of this chapter. 
All the limitations presented in Table 6 need to be optimised in order for them to be 
comparable to the IC. Therefore, solid reasons for these limitations are required. The 
production process should be assessed as a first step before assessing any other issue 
presented in the prototype TMO detectors. Therefore, techniques of the micro-scale 
analysis are needed to assess the production mechanism in all aspects. 
This leads to the use of the EM system. The EM system is capable of giving 
images and compositional analysis, which can be used to evaluate Atmos deposition 
process and materials. This can be in terms of surface analysis, uniformity, composition, 
contamination and defects. Also, certain aspects, such as p-n hetrojunction and electrode 
application can be assessed in details. This would make it possible to priorities then 
suggest the possible development, which can be followed to optimise the prototype TMO 
detectors. This will be depicted in the next chapter.    
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Chapter 5 
5 Identification of Materials and Limitations 
5.1 Introduction 
Following on from the work presented in chapter  4 Initial Status of TMO Detectors, we 
now assess the manufacturing process in the micro-scale level. This is because surface 
preparation, degree of uniformity, defects, contamination, hetrojunction and interfaces are 
all of utmost importance to be addressed. This is owing to their direct effect on the CTM 
of the TMO detectors in which improving these aspects would result in increasing the 
signal magnitude, stability and sensitivity of the prototype TMO detectors as listed in 
chapter  4 Initial Status of TMO Detectors. This can be achieved successfully by using the 
EM techniques. By this method, it is possible to confirm all the hypothesis suggested in 
chapter  4 Initial Status of TMO Detectors. Also, the EM would clarify polarons Mott 
hopping process indicated in chapter  2 Theory above.  
A series of experiments with different goals can be carried out to obtain the most 
beneficial information from the EM, which has perfectly enlightened the path toward 
assessing the prototype TMO detectors. 
As it was explained in section  3.5 Electron Microscopy, single flame-sprayed layer 
samples were supplied by Atmos. This means that each sample consisted of either n-type 
or p-type TMO flame-sprayed over a glazed-ceramic tile substrate. On top of that, the 
second stacked design was used to evaluate different layers interfaces and to understand 
why the second stacked design did not show any response to radiation. Consequently, the 
following properties were assessed (1,2). 
5.2 Electron Microscopy Spatial Resolution 
In order to avoid any future misinterpretation of the EM images or the elemental 
compositions, it is worth addressing the associated errors clearly. The average SR of the 
EM system in different magnifications was calculated, using the ESF technique, and 
  
60 
found it equals 5 μm, meaning that the SD of any interpreted EM image produced by this 
system should not be less than 5 μm. In fact, it would be more convenient to call the 
calculated resolution as System Spatial Resolution [SSR], as the calculated resolution is 
dependent upon factors, such as sample preparation. So, as the samples used were not 
prepared primarily for the EM SR calculation, it is fair to describe it as the whole system 
SR. Thus, the term SSR will be used rather than SR. 
The SD given by the EM system associated with each corresponding 
compositional analysis is ±0.50%. The final global errors associated with each quoted 
quantity in any image or table in the EM section, therefore, should be ±5 μm and ±0.50%, 
respectively (1,2).  
The patch used to calculate the SSR is basically, a radiation collimator made up of 
a graphite base covered with apertured pure Au. These apertures are L-shaped and placed 
side by side along the whole collimator. Figure 26 shows a sketch of a single patch 
together with its dimensions. 
 
Figure 26: Sketch of a single patch dimensions used to calculate the SSR of the EM 
EM images were acquired in three different magnifications, which are x200, x500 
and x2000 [x2k] then the SSR were calculated for each image. Ideally, the SSR should be 
identical for all levels of magnifications. 
In order to calculate the SSR, two software packages were used: ImageJ and the 
scientific graphing and analysis software, OriginPro 2008 [developed by the OriginLab 
company] (98,100). 
Figure 27 shows a BSE image of x500 magnification. Here, the edge of one of the 
L-shaped apertures will be used to provide the ESF, where the rectangle has been drawn. 
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The bottom of the image provides information [from left to right] about the accelerating 
voltage, electron probe to sample distance, level of magnification, imaging mode and 
finally, the scale. 
 
Figure 27: Profile taken to provide the ESF 
Firstly, the profile [pixel intensity, which is the gray scale, against pixel location] 
taken in Figure 27 was plotted, in order to represent the ESF [this is shown in Figure 28]. 
NB: the rectangle in Figure 27 encloses 11 line profiles for better statistics. 
 
Figure 28: Plot of ESF [average of 11 profiles] 
Since the first derivative of the ESF gives the LSF, the ESF in Figure 28 is 
derived, using Origin. A Gaussian PSF model was fitted to the data, from which the 
FWHM is measured. The derivative data points and the fitted Gaussian model 
[continuous line] are demonstrated in Figure 29. As the FWHM represents the SSR, it is 
found that the FWHM equals 12±1 pixels. 
  
62 
 
Figure 29: Differentiated data points with fitted Gaussian model [continuous line] and its 
corresponding FWHM of x500 magnification 
Figure 29 offers the SSR in pixels [12±1 pixels], yet, the required resolution 
should be in µm in order to make sense on the EM images. Therefore, the total number of 
pixels per patch should be known which can be obtained by plotting full profile across the 
whole patch. 
As some variations were observed in the L-shaped apertures across the sample 
[this was confirmed by the manufacturer], it is advisable to use more than one patch to 
calculate the whole number of pixels across the whole patch. Therefore, four full profiles 
of four patches were plotted and the average number of pixels across each patch was 
calculated. Figure 30 depicts the inverted image with the full 11 profiles on four patches. 
For simplicity, the image is inverted in order to obtain a profile up-side down. This is 
followed by Figure 31, which is a plot of the average full profiles shown in Figure 30.  
 
Figure 30: Inverted image with four full 11 profiles 
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Figure 31: Plot of the four full profiles 
Figure 31 shows that the average total number of pixels across the whole patches 
T = 126±1 pixels. By reference to Figure 26, the width of the whole patch is 50 μm. From 
this, it is possible to calculate the actual pixel dimensions and the SSR at x500 
magnifications in µm as follows.  
Consider the width of the entire patch = 50±1 μm then the actual pixel dimension 
[D] is 
      
                              
          
 
     
          
           
So, 
                                                   
From Figure 30, it can be seen that the profiles [both full and ESF] were not 
perfectly parallel to the patches borders, which will cause underestimation of the SSR. 
ImageJ cannot plot a profile for tilted profiles parallel to the patch. Also, rotating or tilting 
the image may cause deterioration in the SSR due to image interpolation. For simplicity, 
the tilting angle was measured as 1.96
o
, so each SSR value should be multiplied by the 
Cosine [COS] of that 1.96
o
. However, the difference that COS 1.96
o
 can make is smaller 
than the estimated SD [0.40 µm], thus, including this correction is meaningless and 
should be ignored. 
 
 
Equation 17 
Equation 18 
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Following the same steps, the SSR was calculated for x200 and x2k 
magnifications. Table 7 gives a summary of the actual pixel dimension as well as the SSR 
for each magnification level. EM images and profiles analysis of x200 and x2k 
magnifications can be found in Appendix  9.1.1. 
Magnification 
SSR 
[FWHM] ± 1 
[pixel] 
Actual pixel 
dimension in 
μm [D] 
SSR [μm] 
χ2 
fitting 
x200 5 1.02 5.10±1.02 0.98 
x500 12 0.40 4.80±0.40 0.95 
x2k 51 0.10 5.10±0.10 0.89 
Table 7: SSR of each magnification level 
5.3 Grain Size and Nature 
The EM allows measuring pre-oxidised powder grains size and observing the shape of the 
pre-oxidised powders as well as the flame-sprayed surface. Analysis of the EM images 
shows that powder grains are approximately spherical. Figure 32 [left] shows the pre-
oxidised powder grains [FeCrAl] with a graded grain size up to 40 μm. Figure 32 [right] 
shows the molten granular top surface after the flame-spray [n-type FeCrAlO4] of the 
same staring pre-oxidised powder [FeCrAl] (1,2). NB: the flame-spray process was 
explained in section  3.2 Detectors Manufacturing and Design. 
    
Figure 32: n-type FeCrAl pre-oxidised powder grains before [left] and after [right] flame-
spray [FeCrAlO4] (1,2) 
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Table 8 gives a summary of the pre-oxidised starting powders maximum grain 
size. NB: EM images of the pre-oxidised powders in Table 8 can be found in Appendix 
 9.1.2. 
Powder composition Maximum grain size Type 
FeCrAl 40 n 
MnNi 50 n 
NiAl 50 n 
Ni 60 p 
FeCr 85 p 
FeNiCo 128 p 
Table 8: Pre-oxidised powders maximum grain size (2) 
It is believed that the rapid cooling phase associated with the manufacturing and 
each deposition process leads to the formation of the granular powder particles and 
surface as seen in Figure 32. For a clearer EM image of the granular pre-oxidised powder, 
Figure 94 in Appendix  9.1.2.1 demonstrates this for FeNiCo particles as this material 
possesses the largest grain size [128 µm]. This granular semi-spherical shape is because 
powder particles are pelletized by shooting the starting pre-oxidised powder in a tank of 
water to give it its spherical structure.  
As the flame-spray deposition process takes place in the open air, once the flame 
of the nozzle deposits then moves away from an area, the TMO material will immediately 
cool down rapidly. As it was mentioned in section  3.2 Detectors Manufacturing and 
Design, Mott indicated that cooling from melt will produce only amorphous materials, as 
the fast cooling phase does not allow time for reorientation of the TMOs particles before 
the TMO material turns into solid completely (12,50). 
In order to quantify the degree of surface granularity shown in Figure 32 [right], 
GIMP software was used with the Edge Detection function [Find Edges in ImageJ] to 
outline the edges of the grains presented on the surface. The Edge Detection tool will 
highlight sharp changes in image pixel values, where the highest intensity indicates the 
presence of edge (104). By this method, it is possible to plot a histogram of the surface 
then apply the Outliers statistics explained in section  3.5.6 Electron Microscopy Images 
Thresholding in order to set a threshold on the image to distinguish between granular and 
smooth surfaces.  
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Unfortunately, the image presented in Figure 32 [right] cannot be used as a ruler 
measure interferes with the image. BSE images are preferred and so all the comparisons 
presented in this section will be based on BSE images for consistency. This is because 
BSE images have relative contrast, where the brighter the image, the more Z of the 
material. This will be clarified shortly, when the quantification of surface granularity is 
performed. Hence, Figure 33 shows another image of the same n-type FeCrAlO4 sample 
but at a different location at x500 magnification. 
 
Figure 33: x500 BSE Flame-sprayed n-type FeCrAlO4 surface 
An ROI [region of interest] was taken from Figure 33 then the Edge Detection 
function was applied on the ROI. A histogram was plotted for the produced Edge 
Detection ROI, and the Outliers statistics was applied to the histogram. 
 
Figure 34: ROI on Figure 33 above with histogram inset 
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From Figure 34, the Outliers are taken on the histogram for the LOF only. This is 
because the highest intensity [bright areas] indicates the borders of the grains, and so, the 
dark areas represent the smooth surface. By this method, it is possible to quantify the 
bright areas in the image as a percentage. This is beneficial in quantifying the granularity 
of the surface as the bright areas are related to the grains on the surface. NB: the 
importance of quantifying the granular nature of the surface will be addressed shortly. 
This method was applied on different BSE images with different magnifications 
[see Appendix  9.1.2.2]. Consequently, 67% granularity is calculated as an average for the 
Atmos flame-sprayed sample surfaces.  
For further investigation, the surface of the image was plotted in 3D. Thus, the 
ROI selected in Figure 34 was plotted as seen in Figure 35. This demonstrates the severe 
granularity of the surface [67%]. 
 
Figure 35: Surface plot of the ROI sat in Figure 34 
From Figure 35, the high level of granularity [67%] of the surface can be seen. 
This surface plot explains how p-type TMO is deposited onto n-type TMOs. The gaps 
between the grains of the n-type TMO are filled by the p-type TMO during the 
deposition, which leads to contamination of both layers [p and n types]. This 
contamination would lead to e-h recombination as a defined border at the hetrojunction is 
not set. Therefore, relatively low signal is expected at this stage. Although the mobility of 
charge carriers at the surface is half the mobility of the charge carriers in the bulk (137), it 
is possible to observe the level of traps presented in the surface. These traps are able to 
localise charge carriers and prevent them from hopping from site to another. 
Pixel Value 
(arbitrary unit) 
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According to the study performed above, a gradual cooling process is strongly 
recommended to eliminate the granular nature of the surface together with allowing 
enough time for the material to be arranged. Non-granular surface is sought in order to be 
able to build a defined p-n hetrojunction. This is to improve the near-linearity found in 
chapter  4 Initial Status of TMO Detectors, besides, the relatively low net signals obtained. 
Also, a non-granular surface will help in minimising the possible contamination between 
different deposited layers. This is because when the p-type TMO layer deposited on top of 
the previously deposited granular n-type TMO surface, the p-type TMO will fill the gaps 
caused by the granular nature of the n-type TMO. This will lead to obtain a p-type 
contaminated n-type TMO layer. In other words, undefined p-n hetrojunction will be 
produced. So, the surface after each deposition ought to be prepared carefully. 
5.4 Compositional Analysis 
In this test, the same samples analysed in the previous section are used. This is because 
Atmos supplied the pre-oxidised powders together with the single layered TMO samples 
at the same time. So, as powders used to manufacture the single layered TMO samples 
were consumed, there was only one sample overlapping. Overlapping means pre-oxidised 
powder and single layer TMO of the same material are available. This is therefore applied 
to FeCrAl sample only. 
The n-type TMO FeCrAlO4 sample is tested under the EM for compositional 
analysis. This serves to compare the composition before and after the flame-spray. Table 
9 shows a comparison between the pre-oxidised powder [FeCrAl] and the flame-sprayed 
sample [FeCrAlO4], where values in Table 9 are the average of three different positions 
on the same sample. 
Pre-oxidised powder Flame-sprayed TMO 
Fe [60.76%] Fe [45.00%] 
O [18.02%] O [30.73%] 
Cr [16.88%] Cr [12.02%] 
Al [4.34%] Al [3.52%] 
None C [8.73%] 
Table 9: Effect of the flame-spray technique on the starting pre-oxidised powder (2) 
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By analysing Table 9, the pre-oxidised powder and flame-sprayed TMO have the 
same compositions with a rise only of C in the flame-sprayed TMO. In fact, the presence 
of C is expected due to the use of the flame-spraying technique, which involves the 
process of burning. As the amount [8.73%] is relatively high, C contamination from the 
nozzle is suspected. This will be discussed in more detail in section  5.8 Surface and Bulk 
Comparison. 
A close reduction, by an average of 24.54±0.50%, was shown in the elements 
presented in the samples in Table 9, excluding C and O. This indicates the uniformity of 
the oxidation process during the flame-spraying. Note that, the 0.50% error is the SD of 
the mean. According to the calculation provided by Taylor, if the SD is constant for each 
single measurement, then the mean SD will be the same. This is applied to all subsequent 
averaged values (1,2,99). 
Interestingly, a lack of H content is seen in the EM compositional results, 
implying that the TMOs are not hygroscopic as the samples had been exposed to the 
ambient environment for few weeks prior to this analysis. This is observed in all tested 
TMO samples (1,2). 
Also, an increase in the overall O concentration of the order of 58.64% is observed 
due to the flame spray process. It should be noted that the starting powders used are pre-
oxidised and Table 9 confirms the degree of pre-oxidation of 18.02%. A similar level of 
pre-oxidation is claimed by Atmos and is not constant across all the provided pre-oxidised 
powders. In general, it is possible to claim that the flame-spray mechanism increases the 
oxidation of the pre-oxidised powder by two third [2/3] (1,2). 
5.5 Surface Uniformity 
Scanning and analysing different positions on the same flame-sprayed sample gives 
information about surface uniformity. Table 10 shows a comparison between two 
different positions on an n-type TMO [mixture of CoFeVO4 and CoFe2O4] sample. It is 
found that any variation in concentration observed is within an average of 4.86%. 
Moreover, a reproducible degree of oxidation is observed with a variation of 3.80% 
across the sample (1,7). 
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Element Weight % Element Weight % Comparison % 
Fe 39.73 Fe 38.15 -3.98 
Co 29.84 Co 31.46 5.15 
O 23.92 O 23.01 -3.80 
C 2.44 C 4.54 46.26 
Mn 1.95 Mn 0.58 -29.74 
V 1.69 V 1.58 -6.51 
Total 99.57 Total 99.32 Ave. = 4.86 
Table 10: Comparison between two different positions on the same n-type TMO [mixture 
of CoFeVO4 and CoFe2O4] sample. NB: Ave. indicates average 
From Table 10, comparisons are calculated from {large value – small value/large 
value} x 100 and are applied in all subsequent EM comparisons. The negative sign 
indicates a reduction in values from position 2, compared to values from position 1, 
whereas, the average is calculated regardless of the sign. It is essential to mention that the 
totals in Table 10 are not 100% accurate, due to the presence of trace elements [e.g. Zr, K 
and Mg]. These are present in amounts less than the SD [0.50%], and so were not quoted 
in the table. Table 10 does, however, show the presence of Mn, which was not quoted in 
the pre-oxidised powder. Therefore, Mn in this sample is considered as contamination due 
to residual in the nozzle, where Mn is expected to be deposited prior to the manufacturing 
of this sample. On this basis, this will give an indication that the first position with Mn 
[1.95%] was deposited prior to the second position with Mn [0.58%]. This is because, as 
the nozzle is used, the previous residual is considered to be cleaned. In essence, C showed 
the highest variation of 46.26%. This amount [46.26%] is believed to be mostly from 
contamination from the nozzle. Hence, Mn [29.74%] and C [46.26%] variations are not 
included in the average [4.86%] calculated in Table 10. Excluding contamination [Mn 
and C] is done deliberately because quoting Mn and C would be a misleading value as it 
will increase the average variation of the other elements significantly. 
It is very important to understand that the large values of contamination are for 
their variations only. In other words, the variation of Mn contamination is 29.74% due to 
the change in value from 1.95% to 0.58%. However, the Mn contamination itself is 
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relatively low as it shows the value of 1.27% as an average. This is applied on all the 
subsequent contamination analysis, including C contamination. 
Thus far, all surface uniformity analyses were about the sample analysed in Table 
10 in particular. In order to increase the accuracy of this analysis, the same process in 
Table 10 is followed on three different samples. Table 11 shows a summary of the 
analysis of three TMO samples. 
TMO sample 
Ave. variation, 
excluding C [%] 
Variation in O 
[%] 
Variation in C 
[%] 
Mixture of FeO 
and Fe3O4 
2.80 4.20 14.49 
FeCrAlO4 3.25 1.77 3.15 
Cr2O3 3.31 4.19 34.78 
Table 11: Summary of the comparison between two different positions on the same TMO 
sample for three different samples 
Based on Table 11 together with Table 10, it is possible to quote that the average 
variation of Atmos flame-spray deposition is 3.56%. Also, the average variation in 
reproducibility of oxidation can be quoted as 3.49%. The average variation of Atmos 
flame-spray technique quoted [3.56%] is calculated with excluding the variation in Mn 
[Table 10 only] and C [Table 10 and Table 11]. This is because there is no contamination 
found in the samples analysed in Table 11 above except the presence of C. Also, as C is 
considered as contamination arising mainly from the nozzle of the deposition robot, Table 
11 shows the variation of C in each sample. Apparently, C varies significantly across the 
samples, where the maximum variation between two sites on the same sample could be as 
large as 46.26%. As a result, surface preparation is strongly recommended to omit this 
contamination of C. 
A question may arise at this point, which is what is the acceptable limit in 
variation? This is really dependant on the samples and the application. Therefore, it is not 
possible to find similar work in literature to quote their variation. For instance, Tan used 
the SEM for surface analysis, where a variation of 23.64% in Ti was acceptable. This 
variation is considerably large in the TMO samples (138). 
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Alternatively, as the current method of manufacturing produces radiation detectors 
in working order [see chapter  4 Initial Status of TMO Detectors], the maximum variation 
found in the current batch of TMO samples, can be set as the acceptable limit of variation 
in all TMO samples. The maximum variation is 6.51%. This maximum variation can be 
found in Table 10 in V. 
5.6 Effect of Continued Exposure to Radiation 
Exposure to radiation may cause internal changing owing to charge migration. Therefore, 
a test was conducted to investigate whether the compositional analysis suffers from 
noticeable change after irradiation. The protocol was to scan a never-irradiated TMO 
detector then after constant exposure [50 kV, 5 mA, 5 cm away from x-ray source and for 
3 h], another scan was performed in the same position. C tape was used to mark a 
reference point to make sure comparison was performed on the same position. Table 12 
shows no difference in material composition in the n-type sample NiMn2O4 outside an 
average of 4.46% (1). 
Element Weight % Element Weight % Comparison % 
Mn 39.27 Mn 40.62 3.32 
O 28.30 O 27.13 -4.13 
Ni 22.39 Ni 23.80 5.92 
Cr 4.01 Cr 3.99 < SD 
C 6.03 C 4.46 -26.04 
Total 100.00 Total 100.00 Ave. = 4.46 
Table 12: Comparison between before [left] and after [right] heavy irradiation on the 
same n-type sample [NiMn2O4] 
This discrepancy [4.46%] is to be compared with the average discrepancy in Table 
10. This is because Table 12 showed the average results of three different positions on the 
same sample. Thus and for identical statistics, one sample is compared with one sample, 
where the discrepancy in Table 12 [4.46%] falls within the surface variation of 4.86% in 
Table 10. This might indicate that no noticeable changes can be spotted by the EM in the 
material after heavy irradiation. 
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C is excluded from the average in Table 12 owing to the reasons presented in 
section  5.5 Surface Uniformity. Furthermore, Cr should not show up in this sample as it 
was not quoted in the staring pre-oxidised powder. This indicates that Cr is a contaminant 
and thus, excluded from the average in Table 12. This sample confirms that the nozzle 
was used to deposit the p-type Cr2O3 TMO prior to the deposition of NiMn2O4 TMO. 
This is because a TMO detector of the combination of Cr2O3-NiMn2O4 is very common in 
Atmos detectors. In fact, these are the TMOs used in the detector sample TMOD1 in 
chapter  4 Initial Status of TMO Detectors. Finally, the variation in O [4.13%] falls within 
the SD of O variation [3.80±0.50%] in Table 10. 
5.7 Contamination and Splash 
As it was mentioned earlier, the current production process uses the same flame-spray 
nozzle for different materials deposition. This leads to the observed contamination 
between the sprayed TMO surfaces. Figure 36 shows an example of this type of 
contamination, where the image of the TMO is interspersed with bright metallic areas, 
namely pure Cu. This is because during the manufacturing of the single layered samples, 
a new idea of flame-spraying Cu electrode was applied to take over the Cu tape. Thus, 
contamination of pure Cu is expected. NB: analysis of the flame-sprayed Cu electrodes 
will be shown later. Appendix  9.1.3 shows more EM images of Cu-contaminated TMO 
surfaces (1). 
 
Figure 36: Surface contamination of n-type TMO [FeCrAlO4] (1) 
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Moreover, the EM images showed splash of the deposited materials. This is 
because the deposited material [TMO or Cu] particles escape the flame of the nozzle due 
to the strength of the gas flow. This is depicted in Figure 37. 
 
Figure 37: Cu-TMO [Cr2O3] interface [top view] 
Figure 37 shows the surface interface of the flame-sprayed Cu and a p-type TMO 
[Cr2O3] material. It is clear that excess of Cu metal rich sites are spread all over the TMO 
surface [bright dots on the right diagonal side of Figure 37]. On this basis, n-type TMO is 
expected to be contaminated by p-type TMO. This is owing to the manufacturing process, 
which deposits p-type on n-type TMO [recall  3.2 Detectors Manufacturing and Design]. 
To prove this, Figure 38 shows the surface of the p-n TMOs hetrojunction. The p-n 
interface, together with the contamination, is not possible to be observed due to the 
similarity in effective atomic number, Zeffe [this will be explained in section  7.3 
Attenuation Coefficient] of p-type and n-type TMO compositions, compositional analysis 
is performed on this sample.  
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Figure 38: p [Cr2O3]-n [NiMn2O4] hetrojunction [top view] 
It is found that Cr2O3 acts as p-type TMO, whereas, NiMn2O4 acts as n-type TMO 
in this sample. However, there is an excess of Cr [8.52%] on the n-type surface. This is 
expected as Atmos deposits n-type prior to p-type TMOs. More top view interface images 
can be seen in Appendix  9.1.3. 
Surface contamination and splash can be avoided by cleaning the nozzle in each 
deposition. This is together with applying a mask to the flame to avoid particles escaping 
the flame. This is because contamination by Cu on the surface will scatter incident 
radiation and radiation scattering will reduce the sensitivity of the TMO detector as a 
whole. More importantly, any presence of metallic centres will act as charge scattering or 
absorbing medium. In terms of electrons moving across the TMO material, electron rich 
metallic centres will scatter these moving electrons and prevent them from hopping in the 
right direction towards the electrodes. In terms of holes moving across the TMO material, 
electron rich metallic centres will cause e-h recombination and hence, reduces the number 
of holes, reaching the electrode. This is because these electron rich metallic centres are 
introduced to the TMO media by the residual splashing of the previously deposited 
material and hence, this will contribute to the relatively low signal observed in chapter  4 
Initial Status of TMO Detectors (13,27,59). 
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An increase in the noise level will also occur due to deposition of free electrons by 
the metallic centres. Mathematically, the factor R in Equation 4 will be minimised due to 
maximising the factor α. 
Therefore, in conjunction with the recommendations mentioned above [nozzle 
masking and cleaning], surface preparation can prove useful to eliminate the 
contamination of the surface. Finally, it is worth mentioning that charge do transport 
across the surface, however, the mobility of charge in the bulk of the material is twice the 
mobility of charge on the surface. This leads us to examine the bulk of the TMO samples 
as it will be seen in the following section (137). 
5.8 Surface and Bulk Comparison 
The surface of the n-type TMO [FeCrAlO4] shown in Figure 32 [right] and analysed in 
Table 9 [right] is the surface condition prior to mechanically polishing a few μm‘s from 
the surface. The average TMO layer thickness of this sample is 100±5 μm. After 
mechanically polishing the surface, the bulk is scanned in order to compare the newly 
exposed core with the previous surface. The polishing procedure was explained in section 
 3.5.4 Sample Preparation (1). 
Figure 39 shows the EM image of the polished bulk of the same TMO sample 
[FeCrAlO4]. Mechanical polishing appears to be effective as no grains can be spotted on 
Figure 39, compared to Figure 33.  
 
Figure 39: Bulk [polished surface] of the n-type TMO [FeCrAlO4] (2) 
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In order to compare Figure 39 to Figure 33 quantitatively, the same ROI taken 
from Figure 33 is taken from Figure 39. This is followed by the same Edge Detection 
analysis explained in section  5.3 Grain Size and Nature [see Figure 40]. 
 
Figure 40: ROI from Figure 39 with histogram inset 
From Figure 40, the Outliers are taken from the histogram for the UOF only, 
unlike Figure 34. This is because the majority of pixels intensities fall within the dark 
areas as depicted in the histogram in Figure 40. This method was applied to different BSE 
images with different magnification [see Appendix  9.1.4]. As a result, an average of 4% 
of granularity is found on the mechanically polished surfaces. This is to be compared with 
the unpolished surface in Figure 34, which has an average surface granularity of 67%. In 
other words, the mechanical polishing improves the surface by 94%. 
In order to fully compare the polished surface with the unpolished surface, the 
polished surface in Figure 39 was plotted. This is to be compared with Figure 35. From 
Figure 41, it is found that the core of the TMO is more compact than the surface. This is a 
desired feature in σ since any defects or granular media act to diminish the CTM across 
the TMO. 
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Figure 41: Surface plot of the ROI sat in Figure 40 above 
From Figure 41, it can be seen that valleys are still presented in the polished 
surface, which represents the bulk of the material, which indicates the presence of defects 
in the bulk of the TMO material. Ideally, the bulk should be solid without any defects. 
Also, bright dots can be noticed in Figure 39. This confirms the contamination of the bulk 
similarly to the surface [see section  5.7 Contamination and Splash]. Therefore, it is 
essential to estimate the defects available in the bulk of the TMO material i.e. 
mechanically polished surface. 
The Outliers method is used to estimate the number of defects presented in the 
image. However, this time the histogram was plotted on the image itself, unlike the 
granularity estimation, which involves histogram plotting of the Edge Detection function 
image. In this way, it is possible to set a threshold on the image in which any value which 
falls out of the LOF – UOF is considered a defect. Hence, Figure 42 shows a thresholded 
ROI, where black areas highlight the defects in the ROI.  
Pixel Value 
(arbitrary unit) 
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Figure 42: Defects estimation of the ROI with the histogram inset; black areas represent 
defects  
The above method is applied on different ROI [see Appendix  9.1.4] and the 
average proportion of defects in Atmos samples is concluded to be 30%, where the 
defects include voids, cracks and pure metal contamination. Mechanical polishing is not 
capable of omitting this bulk contamination. This is because this type of contamination 
[core contamination] is provided by the deposition process during the growth of the TMO 
layer. Thus, nozzle cleaning and flame masking is recommended to reduce this 
contamination. A full mechanical polishing evaluation will be addressed in section  6.3.1 
Mechanical Polishing as a form of surface improvement.  
Table 13 gives a compositional analysis in order to compare the bulk with the 
surface of the TMO sample [FeCrAlO4]. Notably, Table 13 [left] possesses the same 
values presented in Table 9 [right] as it is the average of three different positions on the 
same sample [FeCrAlO4]. Similarly, values in Table 13 [right] are the average of three 
different positions on the same sample after polishing. So, from Table 13, it is shown that 
the compositions of the surface and the bulk vary by 3.18% as an average, excluding 
contamination [Fe, Ni and C]. 
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Element Weight % Element Weight % Comparison % 
Fe 45.00 Fe 49.25 8.63 
O 30.73 O 30.56 -0.55 
Cr 12.02 Cr 12.64 4.91 
Al 3.52 Al 3.67 4.09 
C 8.73 C 2.53 -71.02 
-- -- Ni 1.35 100 
Total 100.00 Total 100.00 Ave. = 3.18 
Table 13: Compositional analysis of the surface area [left] and bulk [right] of the n-type 
TMO [FeCrAlO4] 
Although Fe is one of the elements of the starting pre-oxidised powder [FeCrAl], 
part of the Fe is considered contamination in the bulk in this comparison. Due to the 
relatively high level of variation found [8.63%]. This is expected as the core of the sample 
is contaminated by pure Fe sites, as shown in Figure 39 and Figure 101 in Appendix 
 9.1.4, where the bright areas are apparent. 
Ni appears in the core but not in the surface of the sample [see Table 13], and so, 
Ni is considered to be contamination from the nozzle as the core is formed prior to the 
surface in Atmos manufacturing process. Also, comparing the amount of O in the surface 
and core shows that O varies by 0.55% only. This implies that the surface is not affected 
by the O present in the ambient environment.  
Finally, it is important to introduce the significant difference in C contamination 
between the surface and the core of the sample. The core of the sample shows a reduction 
in C contamination by 71.02%. This finding would imply that mechanical polishing is 
highly capable of the elimination of C contamination provided by the nozzle.  
Thus far, it is not yet proven experimentally in which form C is presented on the 
TMO surface. However, it is believed that, as CO2 is an expected waste product due to the 
flame-spray process, the C contamination might be due to the formation of CO2 during 
the manufacturing process. CO2 waste is confirmed by Atmos [see section  3.1 Atmos 
Technologies Ltd.]. Furthermore, in terms of literature, surface C contamination is 
common in semiconductors grown by thermal process. Surface C contamination is 
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demonstrated in three forms [CO, CO2 and CO3] by Schulz on GaN semiconductor 
samples due to the involvement of thermal process. Again, due to the production of CO2 
the form accepted in Atmos TMOs would be CO2 at this stage (139). In fact, this will be 
confirmed experimentally in section  6.3.2 Argon Ions Sputtering. 
5.9 Mapping Elemental Distribution 
The EM software is capable of building a compositional map distribution of the surface, 
using the EDXS technique. By this method, it is possible to find out any inhomogeneity 
or defect in the sample in terms of spreading uniformity. This is because ideal sample 
compositions should be evenly distributed across the whole sample, however, with 
different concentrations depending on the stoichiometric ratios of the used compounds. 
Figure 43 shows the conventional EM image [top-left corner] of an area of the surface of 
an n-type TMO [Mixture of CoFeVO4 and CoFe2O4], along with maps of elemental 
compositions of the same area. Counts of these images were collected over 45 min. 
 
 
 
 
 
Figure 43: A conventional EM image of an n-type TMO [Mixture of CoFeVO4 and 
CoFe2O4], followed by compositional maps for four elements present in the sample (1) 
50 µm 
O V 
Fe Co 
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The maps in Figure 43 demonstrate the various constituent elements distributed 
across the sample, where the brighter the area, the more corresponding element 
concentration in that area. The compositional analysis of this sample can be referenced to 
Table 10 above. However, the position shown in Figure 43 does not include any 
contamination, neither C nor Mn, unlike Table 10. This allows observation of the actual 
elemental distribution without any disturbance from contamination. Therefore, Table 14 
gives the compositional analysis of the position shown in Figure 43 in particular. Notably, 
values in Table 14 do not conflict with values in Table 10. It is all about the 
disappearance of contamination.  
Element Weight % 
Fe 39.64 
Co 33.40 
O 25.20 
V 1.76 
Total 100.00 
Table 14: Compositional analysis of the position depicted in Figure 43 above of the n-
type TMO [Mixture of CoFeVO4 and CoFe2O4] 
From Figure 43, O and V are distributed but with the presence of some dark areas. This 
darkness is due to shadowing artefacts in the EDXS acquisition since the artefacts are 
always around the same position on the EM image. Also, O suffers from more shadowing 
than V due to the difference in Z between O [8] and V [23]. This is because V would 
interact with more electrons than O. Mainly, this is owing to the granular nature of the 
surface, where peak-scattered electrons will suffer fewer interactions than the ones which 
fall in the valleys (1). 
Furthermore, in regard to the shadowing artefacts, Co and Fe are evenly 
distributed in 80% of the image area. In terms of Co, the remaining 20% shows excess of 
Co in the right side of the Co map together with some bright areas at the bottom of the 
same map. On the other hand, Fe shows severe deficiency in the same areas, where Co 
shows excess of concentration. 
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A possible explanation of this situation is that Fe ions are swapped by Co ions in 
CoFeVO4. This is because V can be found evenly distributed in the debated area, which 
has excess of Co and deficiency of Fe. This indicates that V is contributing to the new 
compound formed in the debated area, which based on CoFeVO4, as CoFe2O4 has no V. 
Fundamentally, the compound Co
2+
Co
3+
V
3+
O4 [Table 2] is expected to be formed. This is 
because, in literature, Co and Fe can be used interchangeably as Co can dope Fe 
compounds and vice versa. For instance, in 1978, Diepen et al. published a paper about 
Fe-doped CoV2O4 at tetrahedral sites i.e. Co in CoV2O4 [recall spinel] by annealing at 
910 
o
C. This indicates that heat can act as a catalyst to cause this exchange [Fe-Co], 
which can be produced by the flame-spray process [see Table 1]. Co doping in Iron 
oxides is also confirmed by Cornell (53,140). 
As the EM is not chemical state sensitive. It is not possible to give the exact new 
compound formed in the debated areas. However, as the flame-spray technique is capable 
of producing spinels, VCo2O4 is suspected. 
5.10 Cross-Sectional Analysis 
All images studied thus far have shown the top view of the samples. In order to examine 
the cross-sectional structure of the TMO detectors, a double sprayed layer sample edge is 
scanned. The sample was embedded in resin for clearer vacuum-surface interface then 
coated with C prior to imaging as the resin and ceramic tile substrate are electrical 
insulators [section  3.5.4 Sample Preparation] (1). 
Figure 44 shows the cross-section of the detector in the descending order of resin, 
p-type TMO, n-type TMO then ceramic substrate. The average TMOs thickness can be 
determined as 233±5 μm [ideally, 100 µm each]. Note that, the surface of this sample is 
not prepared. 
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Figure 44: Cross-sectional EM image; in descending order, resin, p-type TMO, n-type 
TMO then ceramic tile substrate 
From Figure 44, there is no definite line between the p-n hetrojunction as expected 
in earlier sections. Also, the substrate is porous, which cause the TMO to diffuse into it. 
Layers diffusion is a key factor in the flame-spray process, as depositing the n-type TMO 
on the ceramic tile substrate causes the TMO to fill the gaps in the substrate. This will 
affect the p-n hetreojunction as filling a hole in the substrate causes the formation of a 
hole in the surface of the n-type TMO. Consequently, this hole [formed on n-type TMO 
surface] will be filled by the p-type TMO, which will lead to the formation of a hole on 
the p-type TMO surface in return. This is in addition to the rapid cooling phase, which 
causes the formation of the granular nature of n-type and p-type TMO surfaces. 
Also, blasting the melt of the p-type TMO on top of the n-type TMO will result in 
the p-type TMOs diffusing into the n-type TMOs. This is because the various TMOs have 
similar physical properties, including melting points, as will be seen later. On top of that, 
Figure 44 shows severe defects in the form of voids and cracks in the bulk of the sample. 
These defects will also contribute to the diffusion. Therefore, more compact TMO layers 
are preferable in this case.  
Zoomed in EM images emphasises the presences of voids and cracks in the 
sample. Thus, Figure 45 shows an example of a crack, where the top arrow is pointing. 
The bottom arrow indicates the stacking spaces and voids caused by the porous substrate. 
In consequence it is apparent from Figure 44 and Figure 45 that the n-type defects are 
twice the p-type defects due to the porous substrate. Note that, cracks are caused due to 
the mismatching between the substrate and TMO thermal properties as it will be seen in 
section  5.12 Substrate Analysis.    
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Figure 45: Cross-sectional EM image; a zoom in a crack [top arrow] and void [bottom 
arrow] 
In terms of CTM, such defects will act as a trap or charge store [capacitor]. In this 
case, charge will be stuck and cannot move along the sample unless they receive E which 
allows them to overcome the potential barrier of the crack. Technically, this will increase 
the expansion of the potential well presented in Figure 4 (50,61). 
According to the conclusion drawn in section  5.8 Surface and Bulk Comparison, it 
is highly expected that pure metal contamination is present in the inner core of the 
sample. This is due to splash and uncleanness of the nozzle. Thus, the BSE images would 
prove useful as the BSE is Z dependant. This is clarified in Figure 46 in which the bright 
areas indicate metal-rich sites. As it was explained in section  5.7 Contamination and 
Splash, these metal centres will act as either scattering centres or recombination centres 
for charge carriers (13,27,59). In addition, the effect of defects in the bulk of the material 
is twice the effect of the defects on the surface. This is because the mobility of charge in 
the bulk of the material is twice the mobility of charge on the surface (137). 
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Figure 46: BSE cross-sectional image 
In terms of defects quantification, Figure 46 is used for this purpose. This can be 
achieved by the aid of the Outliers technique. The same process used for defects 
estimation in Figure 42 is applied on Figure 46. This, together with other cross-sectional 
images, can be found in Appendix  9.1.5. This is to estimate the average defect percentage 
of several cross-sectional images [see Figure 47]. 
 
Figure 47: Threshold ROI on Figure 46 above; black areas are defects 
From Figure 47 together with Appendix  9.1.5, the average defects are calculated 
to be in the order of 30%. This would highlight the average defects presented in the bulk 
of the material, which is also in the order of 30% [see Figure 42]. This is expected as 
vertical average defects should be identical to horizontal average defects. In other words, 
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defects are uniform on Atmos flame-sprayed samples for the same manufacturing criteria. 
Furthermore, surface plotting would prove useful at this stage. This is because, plotting 
the cross-section of the p-n hetrojunction as a surface would allow observing the 
environment in which charge carriers transport through. This is illustrated in Figure 48 for 
the same ROI in Figure 47. The rest of the cross-sectional surface plot can be found in 
Appendix  9.1.5.   
 
 
Figure 48: Surface plotting of the cross-sectional image ROI in Figure 47 above 
The layout of the surface plot in Figure 48 looks similar to the layout of the 
surface plot in Figure 41 as both have the same degree of defects [30%]. However, the 
effect of the defects in Figure 48 is twice the effect of the defects in Figure 41 as 
indicated earlier (137). The non-uniformity in Figure 48 is represented by peaks and 
valleys. Valleys forms the defects as the peaks should be in identical level due to sample 
polishing apart from some spikes owing to the presence of pure Fe contamination. As a 
result, it is possible to imagine how a charge carrier would be localised easily in any of 
the valleys and remain until the extended potential barrier is overcome as explained in 
Figure 4.  
In terms of comparison, Figure 48 shows the undesired defected bulk of the 
TMOs, where the desired level of compactness of the bulk will be shown in section  5.12 
Substrate Analysis. This is because part of the substrate showed non-defected compact 
bulk [glazed layer] and, hence, the comparison will be postponed until the substrate part 
is reached. 
So far, all the cross-sectional analyses were performed in terms of EM images. 
However, it is always useful to make some compositional analysis. Figure 49 shows a 
Pixel Value 
(arbitrary unit) 
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cross-sectional image with two boxes on the image. The top box refers to the position of 
the compositional analysis of the p-type TMO [Mixture of FeO and Fe3O4], meanwhile, 
the bottom box refers to the position of the compositional analysis of the n-type TMO 
[NiMn2O4]. This is followed by Table 15, which shows the compositional analysis of 
each position. The compositional analysis in Table 15 is the average of two different 
positions on the same sample.  
 
Figure 49: Compositional analysis of the cross-sectional view; the boxes show the p-type 
analysis position [top] and n-type analysis position [bottom] 
n-type TMO [weight %] p-type TMO [weight %] 
Fe [35.17%] Fe [51.93%] 
C [23.71%] C [23.67%] 
O [23.05%] O [24.40%] 
Mn [11.77%] -- 
Ni [6.30%] -- 
Total [100.00%] Total [100.00%] 
Table 15: Compositional analysis of the cross-sectional image in Figure 49; top box 
corresponds to right column and bottom box corresponds to left column 
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From Figure 49 and Table 15, p-type TMO shows Fe of 51.93%. This amount 
includes the Fe metal contamination represented by the bright areas from Figure 46 to 
Figure 49. More importantly, n-type TMO should be made up of NiMn2O4 only. 
However, this is not the case in Table 15 [left]. Instead, there is an excess of Fe, which 
forms 35.17% of the sample. This confirms the idea of diffusion between layers. During 
the deposition of the p-type TMO, the flame melts the surface of the n-type TMO and 
makes it viscous, so, blasting the p-type particles on top of the n-type viscous surface then 
causes the p-type layer to migrate into the n-type layer. This severely eliminate the 
formation of the p-n hetrojunction, however, this will not stop the detector from 
operating, as the detector turns from a p-n hetojunction to a p-i-n hetojunction. By this 
means the depletion layer will widen, so more E is needed to overcome the hetrojunction 
with less detection sensitivity. This accounts for the relatively low signals observed in 
chapter  4 Initial Status of TMO Detectors. Additionally, this amount of Fe [35.17%] 
includes the Fe contamination (141). 
Furthermore, the ratio of Ni-Mn in Table 15 [46.47%] is comparable to the ratio 
of Ni-Mn in Table 12 [42.18% as an average]. This is because the same n-type TMO was 
analysed in section  5.6 Effect of Continued Exposure to Radiation but on a different 
sample. Also, C cannot be evaluated in this section. As the sample is coated in C to be 
scanned under the EM, therefore, C shows a relatively high percentage [23.69% as an 
average] compared to all compositional analyses shown in the EM section so far.   
Finally, it is worth mentioning that the cross-sectional analysis accounts for most 
of the limitations presented in chapter  4 Initial Status of TMO Detectors. The presence of 
defects [in all forms] contributes to the near-linearity, irreproducibility due to charge pile-
up and memory effect. It is understood that the defects store charge in them, which need 
time to flush out. This has an effect on the noise level as well as the fluctuation 
represented by the SD. Also, low signal and low sensitivity due to defects are explained 
as the charge carriers are not free to reach the electrodes safely without scattering or 
recombination. 
Cornell et al. demonstrated that there is an inverse relation between surface area 
and particle size. Consequently, Atmos is advised to deposit medium [60 µm - 50 µm] 
grain sizes. This will improve the packing density of the TMO layers as smaller grain 
sizes will splash away. On the contrary, larger grain sizes will increase the porosity of the 
TMO layer [see Table 8] (53). 
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Annealing is a very common process to eliminate defects from materials. Therefore 
annealing is recommended and used by many authors in literature. For Fe and Ni oxides 
samples, Grosvenor et al. recommended annealing the samples in vacuum at 600 
o
C for 
30 min. Also, Y. Gong et al. strongly recommended annealing any TMO sample as it 
helps to avoid trapping the flow of charge carriers (12,142-144). 
5.11 Cu Tape Insufficiency 
The first limitation in Atmos detector design noted by the author is the electrodes. Figure 
32 [right] shows clearly how the Cu tape is being applied onto an unprepared TMO 
surface. In addition, Figure 50 shows two cross-sectional EM images of snapped sample. 
This sample was not prepared following the methods explained in section  3.5.4 Sample 
Preparation but snapped instead. This was done to observe the features of the surface 
without using any destructive method of preparation [e.g. polishing]. 
    
Figure 50: Cross-sectional EM images of snapped TMO samples 
In applying the Cu tape onto the unprepared TMO surface, the tape will attach 
only to the peaks of the surface grains, leaving the rest of the surface bare without any 
electrodes in contact. It is possible to quantify the bare surface percentage by referring 
back to section  5.3 Grain Size and Nature. As the granular nature would form 67% of the 
surface, the valleys [bare areas] are assumed to be the rest of the surface, which is in the 
order of 33%. 
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Moreover, the adhesive glue, existing on the side, facing the TMO layer would 
increase the capacitance of the detector effectively. This is because the resistance is low 
[1 Ω] if it is measured [using an Ohmmeter] on the top Cu tape surface [glue-free]. 
However, the resistance increases by a factor of three if it is measured across the Cu tape 
i.e. one of the Ohmmeter‘s probe on the surface of the Cu tape and the other probe on the 
bottom of the Cu tape, where the glue exist.  
Furthermore, Cu tape adhesive glue loses its quality by time. This is shown in 
Figure 51, where a gap of 342±5 µm exists between the TMO surface and the bottom of 
the Cu tape. This results in the storing of charge between the Cu tape and the TMO layer. 
Hence, reduction in reproducibility is observed in section  4.4 Reproducibility. Also, low 
signal is expected due to charge loss or in other words, poor CCE. On this basis, looking 
for another electrode deposition method is central at this point. This is because any 
radiation evaluation would be a misleading value as the electrodes are not optimised. New 
electrode deposition processes will be explained in detail later in section  6.2 Electrodes 
Physical Vapour Deposition and assessed in section  7.2 Radiation Tests for PVD. 
 
Figure 51: Loss of adhesion quality of the Cu tape 
5.12 Substrate Analysis 
As it was mentioned in section  1.5 Aims and Motivations, the ultimate goal of this project 
is to be able to accurately and reproducibly coat supervised and controlled areas with 
TMOs. Hence, ceramic wall tiles are used as substrates for the TMO detectors. In fact, 
Atmos used two types of substrates, which are ceramic tile and glazed-ceramic tile. The 
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glazed-ceramic tile is the ceramic tile with a thin layer of glaze on top of it. So, in order to 
use the most of the EM, glazed-ceramic tile is analysed in this section. NB: ceramic tile 
substrates are shown in section  5.10 Cross-Sectional Analysis. 
Figure 52 shows a cross-sectional image of the single layered TMO sample. This 
sample was snapped and the TMO layer is not of concern at this stage. NB: the gap 
between the TMO layer and the substrate is due to snapping, which pulled the two layers 
[TMO and substrate] apart.  
 
Figure 52: Cross-sectional image of a snapped single layered TMO with the substrate 
From Figure 52, two different layers can be seen in the same substrate. The top 
layer is the glaze, while, the bottom layer is the ceramic tile. The glaze layer has the 
thickness of 300±5 µm and is compact compared to the ceramic tile underneath. 
Now it is possible to refer back to section  5.10 Cross-Sectional Analysis. As it 
was promised that a desired compact layer will be analysed to be compared with the bulk 
of the TMO materials. The Outliers statistics are applied on the glazed layer in Figure 52 
in order to estimate the defects. Figure 53 shows the threshold image, where the black 
dots show the defects and the white area shows the uniform bulk of the glaze layer. 
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Figure 53: Threshold glaze layer; black dots are defects and histogram inset 
From Figure 53, the glaze substrate showed a much lower proportion of defects 
when compared to Figure 47. Quantitatively, the average calculated amount of defects 
was found to be 2% of the ROI seen in Figure 53. This value [2%] is to be compared with 
the average calculated amount of defects [30%] in the ROI seen in Figure 47. In fact, the 
glaze layer has improved purity by 93% compared to the bulk of the flame-sprayed 
TMOs. Figure 54 shows the surface plot of the ROI in Figure 53. 
 
Figure 54: Surface plot of the ROI in Figure 53 
Clearly, the bulk of the glaze is uniform when compared to the bulk of the TMO 
materials surface plot shown in Figure 48, regardless of the few peaks found in the 
surface plot of the glaze. These peaks are believed to be formed due to air bubbles during 
Pixel Value 
(arbitrary unit) 
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the firing of the ceramic tile underneath. As the glaze layer is placed on top of the ceramic 
layer during firing, the glaze layer melts down on top of the ceramic layer followed by a 
gradual cooling process (145). 
The compactness and uniformity of the glaze layer raises the need for annealing of 
Atmos TMOs. Annealing would allow the TMO materials to melt on top of the substrate 
and then all the stacking spaces, voids and cracks will be eliminated. In order to avoid the 
presence of any air bubbles, annealing should be performed in vacuum. In addition to 
placing the TMO sample on a vibrating plate to speed up the removal of any gaseous 
bubbles residual in the bulk of the TMO materials. The vibrator plates are used in sample 
preparations, when samples are embedded in resin to remove of any air bubbles presented 
in the resin. 
Compositional analysis was performed to find out the materials making up the 
substrate. By this method, it is possible to look for the thermal properties of the substrate, 
where the need for substrate thermal properties will be explained shortly. Figure 55 
highlights two positions on the substrate, where the compositional analysis took place. 
This is followed by Table 16, which shows average compositional analysis of the two 
different sites shown in Figure 55. 
 
Figure 55: Cross-sectional image of a snapped single layered TMO sample; the boxes 
show the glaze analysis position [top] and ceramic tile analysis position [bottom] 
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Element Glaze [weight %] 
Ceramic tile 
[weight %] 
Comparison [%] 
O 60.77 62.57 2.88 
C 16.16 16.05 -0.68 
Si 11.17 11.28 0.98 
Zn 4.06 -- -100 
Ca 2.30 0.65 -71.74 
Al 2.01 6.63 69.68 
Zr 1.75 1.18 -32.57 
K 1.04 0.64 -38.46 
Mg 0.71 -- -100 
Total 99.97 99.00 -- 
Table 16: Substrate different layers compositional analysis 
From Table 16, and with the aid of literature as the EM is insensitive to chemical 
states, the glaze layer is composed principally of silica [SiO2]. Zn, Ca, K and Mg are all 
metals present in the form of oxides and are called flux. Small amounts [2.30% – 0.71%] 
of flux are added to the SiO2, while manufacturing [firing] to lower its high melting point 
[1830 
o
C] by half for ease of use. Zr oxide is also an additive [1.75%] to silica to give it 
its opaque character and thus, is called opacifier. Small amounts [2.01%] of Al in the 
glaze layer are presented in the form of alumina [Al2O3] for stiffness purposes. NB: C 
value is a misleading value as the sample was coated with C to be able to scan it under the 
EM (145). 
The ceramic tile is made up mainly of Al2SiO5 [Al silicate]. Similarly, flux [Ca 
and K oxides] and opacifier [Zr oxide] are in use. Also, Al2O3 is added to stiffen the 
mixture. In terms of comparison, Si and O are identical in both layers [glaze and ceramic 
tile]. The amount of Al increased by 70% due to the presence of Al silicate and alumina, 
unlike the glaze, which has only small amounts [2.01%] of alumina. Flux [Ca and K only] 
are used in the ceramic tile in a lesser extent than the glaze layer due to the relatively 
lower melting point [1545 
o
C] of Al silicate compared to silica [1830 
o
C] (145). 
  
96 
It is therefore possible to observe the distribution of the compositions of the 
substrate, listed in Table 16. This is shown in Figure 56, where counts were collected over 
45 min. Materials concentrated in the TMO layer only are omitted. 
 
 
 
 
Figure 56: Elemental map distribution of the substrate; the dashed circle shows a hidden 
fracture in the sample 
From Figure 56, Si shows the highest concentration in both, ceramic and tile. In 
fact, Table 16 indicates that the highest concentrations should be O then C but this is not 
the case as shown in Figure 56. This is expected as O and C are shared in the TMO layer 
as well, unlike Si, which is concentrated on the substrate only. Also, Si contributes 
significantly in the main composition of both, glaze [silica] and ceramic tile [Al silicate]. 
C is a misleading value as the amount [16.11% as an average] in Table 16 is disturbed by 
the C used to coat the sample. Interestingly, small concentrations of C are distributed all 
over the substrate in Figure 56. This is because small amounts of SiC are expected. 
Although TMO is not of our concern at this stage, it is important to mention the 
contamination of C found in Figure 56. 
 
C O Mg 
Al K 
Si 
Ca Zn Zr 
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Apart from few dots [2.01%] of Al in the glaze layer, Al is highly concentrated in 
the ceramic tile owing to the Al silicate. In terms of flux materials, K, Zr, Zn and Ca are 
evenly distributed in the glaze layer. Moreover, the ceramic tile has no Zn [as shown in 
Table 16] and has evenly distributed K. Ca and Zr show unique distribution in the 
ceramic tile. It is found that Ca concentrates at the bottom of the ceramic tile only, 
whereas, Zr concentrates at the top of the ceramic tile only.  
The dashed circle in Figure 56 shows a hidden fracture in the glaze layer. 
Fractures cause inter-layer movements, which result in cracks and the removal of the 
TMO layers as the TMO section on top of the fracture is highly affected by the fracture 
beneath it. This is clearly depicted in the C and O maps. It is essential to mention that, 
ideally, Mg, K, Ca, Zn and Zr should not appear on the TMO layer yet some dots can be 
seen on the TMOs. These are the trace elements mentioned in section  5.5 Surface 
Uniformity above, which prevented some of the totals in the compositional tables to be 
100%. 
Although the TMO detector responds correctly to radiation [see chapter  4 Initial 
Status of TMO Detectors], glazed-ceramic tile and ceramic tile substrates limit this 
response. This is owing to the incompatibility of the thermal properties of the TMO and 
substrate. The term TEC [thermal expansion coefficient] is simply defined as the material 
dimensional response to temperature change due to phonons. Our concern is basically 
focused on LTEC [linear thermal expansion coefficient] i.e. material expansion in two 
dimensions only. The LTEC increases exponentially with temperature (146). 
The LTEC is raised at this point because it is believed that thermal mismatching 
between the substrate and the TMO is the main cause of the presence of cracks. In fact, 
the term thermal mismatching is a general term, which includes the LTEC. It is important 
to select a substrate with similar LTEC to the TMO deposited on top of it. This is because 
as the flame is depositing the TMO on the substrate, both of them [substrate and TMO] 
will expand according to their LTEC and the temperature difference between room 
temperature and flame temperature. More importantly, is the cooling phase process. 
When both materials [TMO and substrate] are exposed suddenly to room temperature, 
they will shrink according to their LTEC as well. Any difference in shrinking process 
between the TMO and the substrate would cause the formation of cracks immediately. 
Figure 57 [top] shows surface crack in a TMO sample. NB: this type of crack is the 
surface crack of the cross-sectional crack presented in Figure 45 and Figure 46. Also, 
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Figure 57 [bottom] shows a polished surface, where polishing unveils the cracks in the 
bulk of the sample. This indicates that the cracks are deep and hence, cause severe 
reduction in CTM as explained in section  5.10 Cross-Sectional Analysis. More EM 
images of cracks can be found in Appendix  9.1.6. 
 
 
Figure 57: Surface Cracks due to thermal mismatching 
The other term involved in thermal mismatching is the difference between the 
flame-deposited TMO temperature and room-temperature substrate. This will speed up 
the process of the cooling phase although it is rapid by the sudden exposure to the room 
temperature. In consequence, interval voids and cracks on the surface and within the bulk 
of the material are formed immediately. Voids and cracks will act as capacitors that store 
charge and cause the memory effect presented in the detectors. Therefore, heating up the 
substrate before depositing the material is strongly advisable. This fact is confirmed by 
Reichelt for Si-substrate thermal mismatching. Reichelt suggested heating up the 
substrate up to 900 
o
C for a superior Si micro-structural order (110). 
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For the reasons mentioned above, it is advisable to select a substrate with a close 
LTEC to that of the deposited TMOs. This will allow both the TMO and the substrate to 
shrink down in synchrony in the cooling down phase. So, no mechanical tension on the 
surface of the substrate or the bottom of the TMO material will be observed. Elimination 
of this mechanical tension will reduce the production of cracks and voids dramatically. 
Table 17 shows some LTEC values of some materials. NB: the lower the LTEC value, the 
less expansion occurs in the material per unit temperature [
o
C]. 
Material LTEC [x10
-6
/
o
C] Reference 
Spinel TMOs [ave. 
value] 
9.0±0.4 (147) 
Pure Si 2.63±0.04 (148) 
silica 0.5 (112) 
Al silicate 3.9 (149) 
alumina 9 (150) 
Table 17: LTEC of some materials 
From Table 17, Bayer studied 24 spinel oxides, whereby 20 of them contain TMs. 
An average LTEC is calculated based on Bayer‘s results and the value of 9x10-6/oC is 
calculated. In order to prove this value [9x10
-6
/
o
C], a literature survey showed that 
Kumaravel and Lacheisserie quoted similar values for TMO spinels, such as 10x10
-6
/
o
C 
for CoFe2O4. For comparison purposes, Si has LTEC of 2.63x10
-6
. This indicates that 
TMOs increase by 70% more than Si per 
o
C. This disadvantage [relative to Si] of TMOs 
has no influence on the performance of the TMOs once the manufacturing process is 
optimised in terms of TMO-substrate thermal matching (147,148,151,152). 
Furthermore, the glazed-ceramic tile substrate and the ceramic tile substrate are 
both incompatible with the TMOs LTEC. This is because Table 17 shows that the TMOs 
expand by 94% per 
o
C more than the glazed [silica]. Additionally, TMOs expand by 57% 
per 
o
C more than the ceramic tile [Al silicate]. Thus, severe cracks are expected in the 
TMO layers. A trade off problem appears with using, either glazed-ceramic tile or 
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ceramic tile substrates. This is because the LTEC of the ceramic substrate is closer [57%] 
to the TMOs, however, the problem of porosity will have a significant effect as was 
explained in section  5.10 Cross-Sectional Analysis. Using the glazed-ceramic tile 
substrate will overcome the porosity but the high level of thermal mismatching in terms 
of LTEC would be the cause of cracks and voids. 
Therefore, an alumina substrate is suggested. Alumina is rigid, insulator [10
14
 
Ω.cm], does not absorb water and has high melting point 1890 oC. Due to these 
advantages, alumina is very common material in microelectronics and electronic boards. 
In terms of porosity, a company called Leatec Fine Ceramic Ltd., Taiwan has showed EM 
images of their alumina substrate products. These EM images show that the grain size of 
alumina substrate can be as small as 1 µm in diameter. Also, no gaps can be spotted in 
between the grains, which make alumina a promising non-porous substrate for Atmos 
TMOs. On top of that, Table 17 shows that alumina has a compatible [100%] LTEC, 
compared to TMOs. In accordance to the advantages of alumina substrate listed above, it 
is believed that cracks and voids will be significantly reduced together with the aid of 
annealing (153,154).   
5.13 Failure of the Stacked Design 
By reference back to Figure 7 in section  3.2 Detectors Manufacturing and Design, the 
second stacked design was studied using EM in order to assess the quality of the detector 
layers and contacts. The idea behind this design is to minimise the charge loss occurring 
due to long charge travelling distance in the first design. Also, an electrodes solution is 
attempted in this design, which considered flame-spraying pure Cu to act as electrodes for 
both, n-type and p-type TMOs (1).  
In fact, all second design detectors showed no response to radiation at all. Thus, 
all EM tests were performed with the intention of finding out why there was no response. 
In the light of the EM results, it was possible to know exactly why there was no response 
to radiation owing to several limitations, which can be listed with relative importance 
from low to high as splash and contamination, poor quality of the Cu layer [porosity, 
oxidation and cut off], and layers diffusion. The latter forms the main issue of p-n 
hetrojunction elimination, which led to the failure of the second design. Hence, all listed 
limitations above will be analysed individually as follows.    
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- Contamination and Splash 
The first expected limitation was mentioned in section  5.7 Contamination and Splash. 
Figure 37 and Figure 38 were obtained from a second design detector surface. The Cu 
electrode was interfering severely with the TMO [Cr2O3] nearby. This fact is also applied 
on the p-n hetrojunction surface. This is because splash is effective as the flame is on, 
which indicates that the splash was occurring in the inner core as well. This is confirmed 
in section  5.10 Cross-Sectional Analysis. 
As it was mentioned in section  5.7 Contamination and Splash, Cu contamination 
will scatter incident radiation and, hence, reduce the sensitivity of the TMO detector. 
More importantly, any presence of metallic centres will act as charge scattering or 
absorbing [e-h recombination] media and result in an increase in the noise level due to 
deposition of free electrons by the metallic centres. So, R in Equation 4 will be minimised 
due to maximising the factor α. 
In terms of first and second designs comparison, Cu electrode splash is not 
available in the first design due to the use of Cu tape. This will reduce the contamination 
by 17.04% [8.52% from each side] at the Cu-TMO interface [see Figure 38 explanation]. 
Moreover, p-n hetrojunction contamination is expected only in one side of the first 
design, where the p-n meet [see Figure 6]. This is unlike the second design, where the p-n 
meet along the whole TMO circle circumference [see Figure 7]. 
- Cu Layer Porosity and Oxidation 
Another limitation can be seen in Figure 58, where the flame-sprayed Cu electrode is 
shown. The porosity of the flame-sprayed Cu is apparent and will affect the σ of Cu 
negatively. In other words, the charge collected by the electrode will suffer from loss 
before reaching charge collection wire. Also, this will give an indication about layers 
diffusion as the Cu electrode is sprayed and then the n-type TMO is sprayed on top of it. 
The n-type TMO will fill the holes presented in the Cu electrode surface, which will, 
again, affect the σ negatively as explained in section  5.3 Grain Size and Nature. NB: 
Appendix  9.1.7 shows additional flame-sprayed Cu electrode images. 
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Figure 58: Porous flame-sprayed Cu electrode      
Furthermore, Table 18 shows the average compositional analysis of two sites on 
the same sample. It is found that the flame-sprayed Cu electrode comprises only 45.21% 
Cu with 13.55% of O. This indicates that the flame-spraying mechanism leads the Cu to 
be oxidised. For reassuring purposes, the average pure Cu presented in Figure 36 together 
with Appendix  9.1.3 Contamination and Splash are analysed and found to be more than 
70%. This means that electrodes are no longer efficient to deliver the collected charge as 
Cu is turned from pure metallic into p-type semiconducting material with a BG of 1.2 eV 
for CuO and 2.16 eV for Cu2O (27,34,155). This is supported by Thomson et al. as he 
indicated that Cu can be easily oxidised at temperatures above few hundreds 
o
C, which 
causes the Cu to become porous (93). 
In addition, the presence of Cr [3.22%] indicates that Cu particles can find their 
way through the TMO layer underneath [layers diffusion]. Thus, Cr2O3 can be found on 
the surface of the Cu electrode as the Cu electrode depicted in Figure 58 is a p-type TMO 
[Cr2O3] Cu electrode. Moreover, severe [36.93%] C contamination is found to be caused 
by the nozzle.   
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Element Weight % 
Cu 45.21 
C 36.93 
O 13.55 
Cr 3.22 
Total 98.91 
Table 18: Compositional analysis of the flame-sprayed Cu electrode 
- Cu Layer Cut Off [cross-sectional analysis] 
Thus far, the above analyses of the second design were on the surface of the sample. 
Cross-sectional analyses would prove useful at this stage to assess the internal structure of 
the second design sample. Therefore, some of the second design detectors are snapped to 
view the inner structure without preparing the sample to avoid any disturbance to the 
inner structure. 
  In Figure 59, the snapped sample with top electrode, TMOs [p-type then n-type], 
bottom electrode and finally, the substrate are shown. The electrodes have an average 
thickness of 15 μm each, meanwhile, the TMO layers have a thickness of 112 μm all 
together [p-type and n-type]. Note that, the black film layer on the top electrode is the 
soldering flux. This is because charge collection wire has to be soldered on the top 
electrode in this design. 
 
Figure 59: Cross-sectional view of a snapped second design TMO detector 
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Figure 60 shows a cross-sectional image focused on the lower electrode, which is 
sandwiched between the upper TMO layer and lower ceramic tile substrate. Clear 
discontinuation in the flame-sprayed Cu electrode would lead to cut off the flow of charge 
collected from the TMO. By this means, no response is expected from the stacked design 
detectors as the generated charge cannot reach the pico-ammeter to be read. A close up 
EM image would be useful to confirm the phenomena of electrode Cut off, which is 
apparent in Figure 60 where the circle shows where the cut off of the flame-sprayed Cu 
electrode is taking place. 
 
Figure 60: Flame-sprayed Cu electrode cut off 
- Layers Diffusion [cross-sectional analysis] 
Additionally, Figure 60 shows bright dots in the porous ceramic tile substrate. This 
confirms the idea of layers diffusion as firing Cu particles onto the porous substrate will 
force the substrate to act as sponge and absorb the molten Cu particles before they [Cu 
particles] cool down to solid state. This layer diffusion is also expected between 
electrodes and TMOs layers. If diffusion between layers is confirmed, the non-responding 
of the second design TMO detectors will not be surprising. 
Figure 61 shows the confirmation of diffusion between layers in the second 
stacked TMO detector. The bulk of the TMO is interspersed by bright Cu areas. These 
bright areas are distributed all over the sample, confirming the migration of the flame-
sprayed Cu electrode into the TMO layer underneath. 
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Figure 61: Top Cu electrode layer diffusion into the TMO layer underneath   
In addition, Figure 62 shows the final confirmation of layers migration, where the 
flow of the molten Cu can be tracked in the bulk of the TMO layer. This shows that 
molten flame-sprayed Cu can drill through 100 µm thick TMO and reach the Cu electrode 
on the other side. Hence, the hetrojunction is completely omitted and the detector cannot 
be effective any longer. Also, Cu electrode diffusion in the substrate is clear [bright area]. 
 
Figure 62: Different layers diffusion in the second design TMO detectors; flux, p-type 
electrode, p-type TMO, n-type TMO, n-type electrode and substrate in the descending 
order 
So, in order to distinguish between the molten Cu and the TMO layers, the 
Outliers statistics are positioned on an ROI on Figure 62 [only UOF as the bright areas 
are only of interest]. An ROI is chosen to avoid measuring rulers interspersed within the 
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image. As was mentioned above, the molten Cu can fill the gaps between the TMO 
layers, until both electrodes [upper p-type and lower n-type electrodes] come in contact. 
On top of that, the lower n-type Cu electrode diffuses in the porous substrate underneath. 
This is represented by the lower part of the ROI in Figure 63. Note that, black areas 
represent the molten Cu between the TMO layers. It is found that in the ROI in Figure 63, 
the molten Cu forms 18% of the ROI corresponding materials. 
 
Figure 63: ROI on layers diffusion in Figure 62 with histogram inset; black areas are 
molten Cu electrodes 
- Additional Limitations 
Finally, in terms of assessing the design itself, the second design might suffer from 
insensitivity factors. It is noticeable from Figure 64 that the top of the detector, including 
Cu electrode, soldering blob and charge collection wire will scatter radiation before 
reaching the TMO layers. 
 
 
Figure 64: Second design insensitivity factors  
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After all the limitations listed above, it is not surprising that the second design did 
not respond to radiation. This is mainly due to layers migration, absence of hetrojunction, 
ceramic tile porosity and insensitivity factors. Thus, new electrode deposition and 
detector design will be given later. 
5.14 Summary 
EM images have given us a significant insight into the current shortcomings of these early 
prototypes and enabled us to refine the production process, as well as providing details of 
the elemental composition of the detectors on the micro-scale. Further work based on 
these results was carried out to improve Atmos manufacturing technique with the aim of 
producing sensitive, fully functioning, reliable consumer acceptable detector modules 
(1,2). 
Table 19 gives a comprehensive summary of the findings of all tests performed 
together with recommendations in accordance to these findings. However, it is essential 
to emphasise that the variation differs from the amount presented in the sample. 
Variations may show relatively large percentage, meanwhile, the actual amount of the 
material is relatively small. Moreover, the acceptable maximum variation is set to 6.51%. 
Both aspects [amount and maximum acceptable variations] were explained in section  5.5 
Surface Uniformity. 
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EM test 
EM 
analyses 
Recom- 
mendations 
EM tests 
EM 
analyses 
Recom- 
mendations 
Average grain 
size and 
nature 
67% surface 
granularity 
Gradual 
cooling and 
surface 
preparation 
Surface and 
bulk 
comparison 
94% of 
surface 
improvement 
by polishing 
and 30% of 
bulk defects 
Surface 
preparation 
and 
annealing 
Compositional 
analysis 
Overall 
uniformity,  
non-
hygroscopicity 
and flame-
spray 
increases pre-
oxidation by 
2/3 
-- 
Cross-
sectional 
analysis 
Interfaces 
elimination, 
layers 
diffusion and 
30% of 
defects 
Surface 
preparation 
and 
annealing 
Surface 
uniformity 
Surface 
uniformity 
[3.56%] and 
reproducible 
oxidation 
[3.49%] 
Surface 
preparation 
Cu tape 
insufficiency 
33% of bare 
TMO and 
capacitance 
PVD 
Effect of 
continued X to 
radiation 
No significant 
effect 
observed 
-- 
Substrate 
analysis 
Compact  
glaze silica, 
porous 
ceramic Al 
silicate and 
thermal 
mismatching 
Alumina 
substrate 
and TMO-
substrate 
thermal 
matching 
Contamination 
and splash 
Pure metallic 
contamination 
and splash at 
interfaces 
[8.52%] 
Nozzle 
cleaning, 
flame 
masking 
and surface 
preparation 
Failure of 
stacked 
design 
Severe 
layers 
migration 
[18%] and 
porous Cu 
oxide 
electrodes  
PVD and 
new design 
Table 19: Summary of the EM analysis 
Finally, EM analysis has clarified the failure of the second stacked design. The main 
reason for non-responding was layers diffusion. This is because when the molten top Cu 
electrode was deposited onto the pre-deposited porous TMO layers, Cu was diffusing through 
the TMO layers to reach the bottom electrodes [see Figure 63]. This would indicate the 
elimination of the p-n hetrojunction. Other reasons contributed to the failure of the stacked 
design, such as flame-sprayed Cu electrode oxidation and cut off. These reasons made the 
second stacked design not suitable for radiation test, although it is the preferred design for 
radiation monitors as explained in  1.2 Desirable Detector Specifications.    
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Chapter 6 
6 Developments of TMO Detectors 
6.1 Introduction 
Following on from the results presented in the previous section, the application of some 
of the suggested developments to optimise the prototype TMO detectors are presented. Cu 
tape electrodes are the first source of detector limitation and hence, it will be analysed 
first. Improvements in the electrodes should improve the reproducibility, sensitivity and 
stability of the detectors drastically. 
Moreover, surface preparation would contribute to offer the defined p-n 
hetrojunction. It is believed that this would improve the net signal magnitude owing to p-
n hetrojunction contamination and elimination. 
6.2 Electrodes Physical Vapour Deposition 
In order to build a practical radiation detector, means must be provided to collect charge 
generated by incident radiation. By referencing back to section  3.2 Detectors 
Manufacturing and Design, the conventional design of the TMO detectors involves the 
implementation of Cu tape as electrodes. This electrode structure needs to be improved as 
was explained in section  5.11 Cu Tape Insufficiency (13). 
Therefore, the PVD process is considered as a form of further development of the 
electrode structure for the TMO detectors, as many authors suggested the use of PVD of 
electrodes in different radiation fields. Kronawitter et al. used the PVD process to deposit 
Iron oxide electrodes for solar water splitting cells. Also, Rider et al. relied on PVD ITO 
electrodes on polymer solar cells. In terms of CMOS, Schaeffer et al. and Edge et al. used 
the PVD process in depositing metal and metal oxide gates electrodes, respectively. In 
addition, Schieber et al. used the PVD to deposit the semiconductor [HgI2] and its 
electrodes [ITO and Au] on a glass substrate. All the authors listed above have proved the 
validity of the PVD electrodes, by testing the PVD electrodes under the EM, where EM 
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images showed acceptable level of compactness for CT and stability. This is together with 
testing the PVD ohmic electrodes with x-ray, which showed linear relation with x-ray 
tube current, using HgI2 semiconductor detector. The steps followed to deposit the 
electrodes, using the PVD process can be found in section  3.6 Physical Vapour 
Deposition (16,156-159). 
As it was mentioned in section  3.6 Physical Vapour Deposition, the conventional 
electrodes need to be improved in terms of deposition and material selection. Although 
Cu has the highest σ [5.88x107 Ω-1m-1] after Ag, it is still not the best to be used on both 
TMO types. This will be accounted for after inspecting Table 20. NB: the material 
selection will be focused on the combination of n-type and p-type used in the radiation 
measurements. This combination involves NiMn2O4 as n-type TMO and Cr2O3 as p-type 
TMO only. 
 
Cr2O3 [p-
type TMO] 
References 
NiMn2O4 [n-
type TMO] 
References 
EA [eV] 1.3 (160,161) 4.2 (162) 
BG [eV] 3.7 (60) 
Not needed at 
this stage 
-- 
Table 20: TMOs BG and EA 
From Table 20, Cr2O3 EA [1.3 eV] is an average value of Chromium oxides EA‘s 
from references (160) and (161). This indicates that the φ of Cr2O3 should be in the order 
of 5 eV [sum of EA and BG]. Wilde et al. quoted a φ for Cr2O3 as 4.8±0.2 eV, which 
makes our approximation [5 eV] valid as it falls within the SD [±0.2 eV] (163). The value 
4.2 eV for NiMn2O4 is the average value of typical spinel TM manganites [Mn oxides], 
where, 4.2 eV is a typical value for AMn2O4, where A = first-row TM. It is worth saying 
that many approximations, using results in literature are applied to find out the suitable 
electrode materials. This is because it is not possible to find the exact physical properties 
of TMOs in literature identical to Atmos TMOs (162).  
By reference back to section  3.6 Physical Vapour Deposition, it is possible to say 
that in order to obtain ohmic electrodes with the p-type Cr2O3, the metal in contact φ 
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should have the value of 5 eV. On the other hand, a metal with 4.2 eV of φ can form 
ohmic contacts with the n-type NiMn2O4.  
In consequence, an Al electrode is selected for the n-type NiMn2O4 and an Ag 
electrode for the p-type Cr2O3. These materials [Al and Ag] are selected due to their 
availability onsite and low cost. This is because a priority for this project is to maintain 
low cost throughout the production process. On top of that, they [Al and Ag] show 
compatible physical properties as n-type and p-type TMOs electrodes, respectively as 
depicted in Table 21. 
 Al [n-type electrode] Ag [p-type electrode] 
φ [eV] 4.06 4.74 
σ [Ω-1.m-1] 3.7x10
7
 6.2x10
7
 
Table 21: Electrode materials, φ and σ (2,7,164) 
Although the φ‘s showed in Table 21 have a slight discrepancy from the required 
φ‘s based on Table 20, this discrepancy falls within the acceptable level. According to 
Yang et al., as long as the contact potential has the value of 0.51 eV or less, the 
corresponding electrode can be considered as ohmic or very low contact potential. From 
Table 20 and Table 21, the values of the contact potentials |φmetal – φTMO| can be 
calculated as 0.26 eV and 0.14 eV for p-type and n-type TMOs, respectively (113). 
Therefore, if funding was not problematic, Au would form compatible p-type electrode 
with φ of 5.1 eV (165) and ITO would act as n-type electrode with φ equals to 4.3 eV 
(166). These would produce a contact potential as low as 0.10 eV in both n-type and p-
type TMOs. 
By this method, PVD ohmic electrodes are believed to correct the irreproducibility 
showed in section  4.4 Reproducibility. So, no Cu tape capacitance [see section  5.11 Cu 
Tape Insufficiency] or rectification is expected. On top of that, a higher signal magnitude 
is anticipated as improved CCE is expected. NB: CCE will be addressed later in section 
 7.4 Efficiency. Also, improved sensitivity and less fluctuation [smaller SD] are also 
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expected. Finally, the same Cr2O3-NiMn2O4 detector [TMOD1] was tested in chapter  4 
Initial Status of TMO Detectors will be fully assessed and compared in chapter  7 Current 
Status of TMO Detectors, where the expected improvements, listed above, are fulfilled. 
6.3 Surface Preparation 
6.3.1 Mechanical Polishing 
As a form of surface preparation improvement, mechanical polishing is recommended at 
this stage, as this process is simple, cheap and effective [see section  5.8 Surface and Bulk 
Comparison]. As it was explained in section  3.5.4 Sample Preparation, the key factor in 
mechanical polishing is material Mohs hardness. SiC [9.2 (102)] and Al2O3 [9 (103)] have 
higher Mohs hardness compared to the TMOs Mohs values, which range from 5.5 for 
Fe3O4 (167) and FeCr2O4 (168) to 7 for Cr2O3 (31). Moreover, since polishing covered 
the substrates as well, the Mohs hardness can be quoted for SiO2 and Al silicate as 7.5 and 
5.5, respectively (11). These Mohs values indicate that SiC and Al2O3 are able to polish 
the TMO and substrate efficiently.  
In terms of literature, Mott suggested polishing the surface of the TMOs in order 
to obtain better interfaces between different layers (12). Mechanical polishing, using SiC 
abrasive paper was also strongly recommended by Wagner et al. for sample surface 
preparations (116). More recent work performed by Grim suggested mechanical polishing 
for the SiC material itself. However, the SiC material this time will be treated as 
semiconductor, as SiC can be applied as a wide BG [2.7 eV] (169) LED (102). SiC 
polishing can be achieved by using Diamond polisher due to its high Mohs hardness [9.2] 
(102). In this work, Grim evaluated the mechanical polishing process and found it to 
cause subsurface damage to the SiC samples in the order of 50 nm of surface dislocation 
depth (170). At this stage, this relatively small level of surface damage is accepted as the 
TMO samples suffer from high level of voids and cracks [30%], which can be in depth 
identical to a single TMO layer [100±5 µm] [see section  5.10 Cross-Sectional Analysis]. 
From section  5.8 Surface and Bulk Comparison, mechanical polishing is found to 
reduce surface granularity by 94%. This is seen in the analysis as the average surface 
granularity after polishing is reduced to be 4%. In addition, a cross-sectional EM image 
would be very useful at this stage to enable the relatively low level of granularity [4%] to 
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be inspected clearly. This can be seen in Figure 65. NB: this cross-sectional image is of 
the same n-type FeCrAlO4 sample shown in Figure 39. 
    
Figure 65: Cross-sectional image of the polished surface in Figure 39 (2) 
From Figure 65, no surface grains can be spotted. However, valleys are still 
available as they form the defects, explained in section  5.8 Surface and Bulk Comparison. 
These defects have an average proportion of 30%. So, from the expectation mentioned in 
chapter  4 Initial Status of TMO Detectors, preparing the surface of the TMO after each 
deposition would have the effect of increasing the relatively low signal [pA]. This is 
together with correcting the near-linearity of the TMO response with photon fluence rate 
and kV. This is due to the defined hetrojunction formed at p-n contact. 
It is also important to confirm that mechanical polishing is not capable of omitting 
voids, cracks and bulk contamination. This was fully addressed in sections  5.7 
Contamination and Splash,  5.8 Surface and Bulk Comparison and  5.12 Substrate 
Analysis. Thus, annealing, nozzle cleaning and masking are still strongly recommended. 
A linearity radiation test was performed on a TMO detector, manufactured by Atmos for 
solar cell applications. In this detector, mechanical polishing took place after each TMO 
deposition, and the substrate was compact glass. Hence, neither layers diffusion nor un-
defined p-n hetrojunction was expected in this particular detector, although cracks and 
voids could still be present in the detector due to LTEC mismatching. Thus, Table 22 
shows the response of the polished TMO detector at 50 kV, and for two photon fluence 
rates and at two time intervals [0 h and 2 h] in the setup explained in  3.4.2 System Setup 
and Measurements Protocols. 
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Photon fluence rate 
[p/m
2
/sec] 
Net signal at 0 h (nA) Net signal after 2 h (nA) 
7.965 x 10
12
 
 
6±2 6±2 
1.625 x 10
13
 
 
33±5 33±5 
Table 22: Net signal magnitude of polished TMO detector at 50 kV 
From Table 22, the detector saturates at photon fluence rates above 1.625x10
13
 m
-
2
.sec
-1
 as it was made for solar cell applications mainly, thus, it was omitted from Table 
22. Therefore, measurements were performed at two photon fluence rates [7.965 x10
12
 m
-
2
.sec
-1
 and 1.625x10
13
 m
-2
.sec
-1
]. 
More importantly, the magnitude of the signal is in the order of nA‘s, compared to 
the signal in chapter  4 Initial Status of TMO Detectors, which was in the order of pA‘s. 
This jump in signal magnitude can be referred to the defined p-n hetrojunction mainly. 
This is because no contamination at the hetrojunction would lead to e-h recombination. 
Furthermore, polishing is capable of omitting C contamination efficiently from the 
surfaces and hetrojunctions. Hence, this jump in signal is comparable to signal magnitude 
obtained by the IC, which was also in the order of nA. By this method, full agreement 
with the comparisons made by Martin, can be confirmed, who demonstrated comparable 
IC responses to Si photodiodes as was mentioned in section  4.5 Signal Stability (136). 
It is essential to mention that the electrodes used in this detector were PVD Cu 
electrodes and part of the net signal magnitude increment can be referred to the PVD. 
However, this contribution is relatively small compared to the total net signal increment 
due to polishing. Also, the high level of reproducibility [1.3% as an average for 0 h and 2 
h response and not quoted in Table 22] is principally due to the PVD electrodes. These 
features [relatively high net signal and high level of reproducibility] will be clarified later 
when the PVD electrodes are fully assessed in section  7.2 Radiation Tests for PVD. 
Finally, polishing the surface cleans the surface from contamination, so no surface 
scattering or e-h recombination is presented. Hence, superior sensitivity is expected.  
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6.3.2 Argon Ions Sputtering 
Ar ion sputtering is suggested as another form of surface preparation mechanism. 
Sputtering is one of the most common techniques used for surface preparation. This is 
because sputtering will remove only hundreds of A
0‘s without causing any damage to the 
surface. The importance of surface preparation in XPS is to avoid the shadowing effect, 
which will lead to missing peaks in the spectra (171). In semiconductors, sputtering is 
important to remove surface contamination and loosely bound species [e.g. water 
molecules] (26). On top of that, similar advantages to mechanical polishing are expected 
with sputtering, including obtaining defined p-n hetrojunction for relatively low signal 
increment (85). Therefore, Ar ion sputtering is recommended for surface preparation by 
many authors in literature (26,85,116,124,142). Sputtering is evaluated by XPS, where 
both [XPS and sputtering] processes can be found in  3.7.1 X-ray Photoemission 
Spectroscopy above. 
Thus, Figure 66 below shows two XPS spectra of the same p-type FeCr2O4 sample 
surface. The curve with cross points is an XPS spectrum of the unprepared surface. On 
the other hand, the curve with circle points represents the XPS spectrum of the prepared 
surface. The preparation performed by 15 min of sputtering. Additionally, every peak is 
labelled by its corresponding compositional element according to the BE, based on 
references (116,121). 
 
Figure 66: FeCr2O4 XPS spectra before sputtering [cross points] and after 15 min of 
sputtering [circle points]  
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In order to analyse the spectra in Figure 66, each peak was extracted and analysed 
independently from the rest of the spectra (116). After that, linear background subtraction 
(116,117,171) and Gaussian fitting (26,120,123-125,171) were applied. Note that, all 
analysed XPS peaks can be found in Appendix  9.2 X-ray Photoemission Spectroscopy for 
both, sputtered and un-sputtered surfaces. 
In addition, Table 23 shows a summary and comparison of the unprepared [before 
sputtering] and prepared [after sputtering] XPS spectra. For simplicity, ‗position‘ 
indicates the average of the sputtered and un-sputtered spectra as the position should be 
constant. ‗Orb‘ indicates orbital, ‗refe‘ indicates references, ‗net int.‘ indicates peak 
intensity without background and ‗Int. Com.‘ indicates intensity comparison.  
Element 
Position 
± 3 [eV] 
Orb Refe 
Net int. 
[un-
sputtered] 
χ2 [un-
sputtered] 
Net int. 
[sputtered] 
χ2 
[sputtered] 
Int. 
Com. 
[%] 
C 291 1s 
(116,
121) 
1448 0.96 590 0.99 60 
O 537 1s 
(26,1
16,11
8,119
,121,
122,1
43,17
1) 
2190 0.95 3461 0.94 37 
Cr 583 2p3/2 
(26,1
16,11
8,121
) 
808 0.99 1421 0.99 43 
 593 2p1/2 
(26,1
16,11
8,121
) 
399 0.98 682 0.98 41 
Fe 716 2p3/2 
(26,1
16,11
8,121
) 
548 0.95 2032 0.97 73 
 729 2p1/2 
(26,1
16,11
8,121
) 
195 0.98 687 0.99 72 
Table 23: Summary, and comparison of un-sputtered and 15 min sputtered XPS spectra 
from Figure 66 
Looking at the values for C in Table 23, as was discussed in section  5.8 Surface 
and Bulk Comparison, the surface suffer from severe C contamination compared to the 
bulk of the material. The XPS technique showed a reduction in C of 60% in the bulk of 
the material, compared to the surface of the material. This value [60%] can be linked 
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directly to the EM value in Table 13, which showed the variation of 71.02% between bulk 
and surface C contents. Despite the discrepancy between the EM value [71.02%] and the 
XPS value [60%], both values are relatively high, compared to the baseline sat in section 
 5.5 Surface Uniformity, which is in the order of 6.51%. Also, a discrepancy in C contents 
is expected as C contamination is not uniform across all samples as it was pointed out in 
Table 11. 
Furthermore, by referencing back to section  5.8 Surface and Bulk Comparison, C 
surface contamination was suspected to be in one of the forms CO, CO2 or CO3 according 
to Schulz. Using the XPS spectra, it was possible to confirm the contamination was due to 
CO2 as expected, due to the waste product of the flame-spray mechanism [see section  3.1 
Atmos Technologies Ltd.]. This is because NIST database confirms that C 1s 291±3 eV 
belongs to the compound CO2. This is an important fact as it will be used in section  7.3 
Attenuation Coefficient for µ corrections (121,139). 
Interestingly, Table 23 shows an increment in bulk O by 37% compared to the 
surface O. This confirms the non-oxidisation of the surface. On the contrary, this value 
[37%] contradicts with the relatively low O variation between surface and bulk found by 
the EM, which was as low as 0.55% in Table 13. The reason for this fact is surface O loss. 
This is because the samples were examined by the EM within a few weeks of 
manufacturing, whereas, the XPS tests took place two years after the EM tests. So, 
according to Henrich, TMOs are likely to lose surface O as a function of time at room 
temperature (172). This is expanded on by Kung as he indicated the presence of 
incomplete TM-O bonds in the surface. This will lead surface TMs with incomplete TM-
O bonds to migrate to the bulk of the material and hence, O is lost from the surface with 
time. This process can be halted by annealing, as annealing causes the re-oxidation of the 
surface and hence, no O loss would be expected owing to incomplete TM-O bonds (173).   
Additionally, it is possible to calculate the global average difference between the 
bulk and the surface according to the XPS results. The global difference refers to the 
average percentage, including the contamination. Consequently, the average global 
difference can be assigned for surface and bulk comparison, using the XPS as 54% from 
Table 23, which can be compared directly to the result obtained by the EM in Table 13. 
However, it is important to include the contamination at this stage, in contrast to Table 
13, where the contamination was excluded in order to assess the ideal flame-spray 
process. Hence, 31.5% of global average variation can be calculated from Table 13. 
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However, this discrepancy between XPS [54%] and EM [31.5%] is expected. This is 
owing to the O loss occurred in the XPS sample, which has a difference of 60% compared 
to the EM difference [0.55%]. Also, C contamination is not uniform as it was previously 
mentioned. Therefore, correcting for the O loss and the C contamination non-uniformity, 
the variation between surface and bulk EM analysis will be increased to 57%, which is in 
good agreement with the XPS at 54%.  
From Table 23, Cr and Fe have relatively high variations between surface and 
bulk. The reason for this is missing Fe peaks and low Cr peaks intensities in Figure 66. 
Negri et al. accounted for these missing peaks as a shadowing result of the unprepared 
surface. This will clarify the behaviour of charge carriers at the hetrojunction. The 
shadowing effect means some electrons suffer more interactions than others. As a result, 
the rate of charge carriers crossing the p-n hetrojunction will not be constant, which will 
lead to e-h recombination at the hetrojunction. Hence, relatively low signal was seen 
(171). 
Furthermore, Table 23 shows the χ2 fitting, which represents the quality of the 
fitting. χ2 values in Table 23 are in good agreement with Yamashita fittings, which are in 
the order of 0.96 on Iron oxide samples (26). Also, the E resolution [FWHM] of the 
Gaussian fit in Appendix  9.2 X-ray Photoemission Spectroscopy is in the average of 4 
eV. This E resolution varies slightly from Grosvenor et al, who have the resolution of 3.2 
eV on Ni oxides samples (142). This variation is mainly due to sample preparation as 
Atmos samples were not manufactured for XPS analysis primarily. 
Finally, the group of small peaks at the low BE region represents the TMs [Fe and 
Cr] 3p orbitals. 3p orbital peaks are not common to be used as they are broad. Also, they 
are used as a single peak due to the inability to distinguish between the spin doublets, 
unlike 2p orbitals. Thus, 3p orbitals are avoided, especially in first-row TMOs as they are 
mainly used for material identification, which is not the case here (26,118,120,171). 
From all the XPS analysis mentioned above, 15 min of sputtering has a 
comparable effect to the mechanical polishing. This is in terms of defined p-n 
hetrojunctions, relatively higher signal and surface contamination elimination. So, 
sputtering the surface would result in the same relatively high signal, as shown in Table 
22.  
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To conclude that 15 min of sputtering at 500 kV is sufficient, an additional 
sputtering was performed on the same sputtered surface shown in Figure 66 for another 
15 min, giving 30 min of sputtering in total. Identical XPS curves were obtained, with an 
average variation of only 2%. This can prove inner layers uniformity as depicted in Figure 
67. 
 
Figure 67: 15 min sputtering XPS [circle points] and 30 min sputtering XPS [cross points]   
In terms of mechanical polishing and sputtering comparison, mechanical polishing 
is cheaper and faster method. However, sputtering is a much cleaner process as it does not 
involve lubricants, such as water and solutions. Ideally, both techniques ought to be used 
as the mechanical polishing will provide a faster and cheaper process. A few min of 
sputtering should be conducted which would clean the surface from any loosely bound 
species and water molecules (174). 
6.4 Summary 
The PVD process was used to deposit electrodes on both sides [n-type and p-type] of the 
TMO detectors. Certain electrode materials of Al and Ag were applied as they form 
ohmic electrodes to the NiMn2O4-Cr2O3 TMO detectors. Reproducibility, sensitivity and 
CCE are expected to be improved as it will be seen later in chapter  7 Current Status of 
TMO Detectors.  
Both surface preparation techniques [polishing and sputtering] showed reliable 
degree of detector performance improvement. Net signal increased dramatically from 
pA‘s to nA‘s after mechanical polishing of every single flame-sprayed deposited layer. 
This degree of improvement is expected from sputtering as well. 
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Moreover, O loss as a function of time was observed together with C 
contamination. Both limitations can be omitted by polishing or sputtering. Additionally, 
inner layers uniformity was deduced by XPS spectra and found to vary by 2% as an 
average. Thus, both techniques are ought to be used as suggested by Zangwill (174). 
However, in the current time frame and cost, mechanical polishing is recommended as it 
is efficient to eliminate surface C contamination and produce improved signal magnitude 
due to defined boundaries between different layers. 
Finally, annealing is strongly advisable for TMOs preservation. This would 
increase the feasibility of the TMO detectors in the long-term basis as stated by Kung 
(173).  
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Chapter 7 
7 Current Status of TMO Detectors 
7.1 Introduction 
This chapter will evaluate the PVD electrodes then compare them with Cu tape 
performance and IC. By this method, it is possible to draw the conclusion of the validity 
of the PVD electrodes. Moreover, Elettra UV radiation tests have enriched the evaluation 
of the TMO with PVD electrodes in the UV E range. Accordingly, it is possible to raise 
the feasibility of the TMO detectors in the UV and diagnostic x-ray range. By this 
method, UV can be included in the final aim of this project, as UV has applications in 
medicine e.g. sterilisation and skin disease treatment [Psoriasis].  
As the EM was able to give a detailed compositional analysis within acceptable 
error [±0.50%], the XMuDat can be used to generate µ/ρ [mass attenuation coefficient] 
from which µ could be calculated. By this mean, it is possible to calculate the εabs in order 
to be compared with a well known semiconductor radiation detectors, such as Si and CZT 
later on. 
Additionally, εi is a key factor in evaluating radiation detectors. This will be 
performed for TMO theoretically and experimentally. Therefore, it is possible to compare 
it with radiation detectors currently on the market, such as CZT and Si. Finally, noise 
behaviour assessment for memory effect evaluation will be obtained and compared to Si 
photodiode. So, photovoltaic mode can be confirmed for TMO detectors. 
7.2 Radiation Tests for PVD 
7.2.1 Tube X-ray analysis 
The same radiation measurements as applied in chapter  4 Initial Status of TMO Detectors 
on the TMOD1 with Cu tape will be applied on the same TMOD1 after implementing the 
PVD electrodes. In this way, it is possible to observe and quantify the degree of 
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improvement inherited by using the PVD electrodes. Thus, this section will provide a 
direct comparison between the IC, Cu tape with TMOD1 and PVD with TMOD1 to avoid 
any repetition to what was presented in section  4 Initial Status of TMO Detectors. Also, 
system setup and measurements protocols were listed in  3.4.2 System Setup and 
Measurements Protocols. 
7.2.1.1 Linearity 
Figure 68 shows the linearity of the TMOD1 with PVD electrodes, compared to the 
TMOD1 with Cu tape electrodes. The dashed line represents the PVD, meanwhile, the 
continuous line represents the Cu tape.  
 
Figure 68: Linearity of TMOD1 at 50 kV with PVD [top dashed] and Cu tape [bottom 
continuous] electrodes 
A near-linear relation from both, PVD and Cu tape is observed. However, the 
near-linearity is improved from R
2
 = 0.980 in Cu tape to R
2
 = 0.993 in PVD, which makes 
TMO detectors more suitable for radiation monitoring as explained in  1.2 Desirable 
Detector Specifications. This near-linearity persists due to the presence of defects as it 
was mentioned by Cox (27). 
Moreover, PVD shows a higher signal by an average of 17%. This increment is 
expected as pasting the Cu tape on the granular surface of the detector will attach only to 
the peaks of the grains, leaving the valleys bare without any electrodes in contacts, which 
was estimated to be in the order of 33% of contactless area. This is together with the 
insulating adhesion of the Cu tape as it was explained in section  5.11 Cu Tape 
Insufficiency. In addition, PVD sensitivity, which is represented by the slope of the curve, 
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is increased by 30%, when compared to Cu tape sensitivity. This is because the PVD 
electrodes cover the whole area underneath it as well as no rectification is expected. This 
highlights an improvement in the CCE, which will be calculated in section  7.4 Efficiency. 
Furthermore, PVD net signal shows a superior stability [less fluctuation], 
compared to the Cu tape net signal by 47%, represented by the SD. This is because no 
consecutive charging and discharging is expected at the TMO-PVD electrode interface 
owing to the elimination of the Cu tape capacitance. 
This leads us to compare the improvement recorded for the PVD with our 
reference point. This reference point is the IC tested in chapter  4 Initial Status of TMO 
Detectors. Therefore, Figure 69 shows the linearity of the TMOD1 with PVD electrodes, 
compared to the IC. The dashed line represents the PVD, meanwhile, the continuous line 
represents the IC.  
 
Figure 69: Linearity of TMOD1 at 50 kV with PVD TMOD1 [bottom dashed] and IC [top 
continuous] 
Similarly, R
2
 for IC [1] and PVD TMOD1 [0.993] are in better agreement than Cu 
TMOD1 [0.980]. The PVD net signal forms 5.4% of the IC net signal. Certainly, this is 
due to the undefined p-n hetrojunction as it was explained in section  6.3.1 Mechanical 
Polishing. The sensitivity of the PVD is 2.5% of the IC. So, surface preparation before the 
PVD process is required to avoid any gaps filling at the PVD-TMO interface. Finally, the 
PVD shows more fluctuation, compared to the IC by 45%. This is due to the presence of 
defects in the bulk of the material. Although no charge storage [capacitance] is expected 
at the TMO-PVD electrode interface, defects in the bulk of the material will continue to 
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store the charge carriers. This is by the successive trapping and de-trapping process 
explained in section  5.10 Cross-Sectional Analysis.   
7.2.1.2 Photon Energy Dependence 
Figure 70 shows the photon E dependence of the TMOD1 with PVD electrodes, 
compared to the TMOD1 with Cu tape electrodes. The dashed line represents the PVD, 
meanwhile, the continuous line represents the Cu tape. 
 
 
Figure 70: Photon E dependence of TMOD1 at 6 mA with PVD [top dashed] and Cu tape 
[bottom continuous] electrodes 
Analogously, a near-linear relation from both, PVD and Cu tape is observed. 
However, the near-linearity is improved from R
2
 = 0.986 with Cu tape to R
2
 = 0.997 with 
PVD, which makes TMO detectors more suitable for radiation monitoring as discussed in 
 1.2 Desirable Detector Specifications. PVD shows higher signal by an average of 19%. 
PVD sensitivity is increased by 47%, compared to Cu tape sensitivity. PVD net signal 
shows less fluctuation, compared to the Cu tape net signal by 25%. NB: the same 
justifications mentioned in section  7.2.1.1 Linearity is applied in here. 
On the same basis, a comparison between the IC and the PVD TMOD1 is 
performed. This is depicted in Figure 71. The dashed line represents the PVD, meanwhile, 
the continuous line represents the IC. The PVD net signal forms 5.2% of the IC net signal. 
The sensitivity of the PVD is 3.8% of the IC. Finally, PVD shows more fluctuation, 
compared to the IC by 49%, yet, close linearity of 0.999 for IC and 0.997 for PVD 
TMOD1 is observed. 
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Figure 71: Photon E dependence of TMOD1 at 6 mA with PVD TMOD1 [bottom dashed] 
and IC [top continuous] 
7.2.1.3 Reproducibility 
Figure 72 illustrates the reproducibility in terms of linearity of the PVD and Cu tape 
electrodes alike. Measurements were taken at 0 h, 1 h and 24 h without moving the setup 
during the time intervals. Regarding the Cu tape, as it was deduced in chapter  4 Initial 
Status of TMO Detectors, linearity reproducibility is in the average of 17% from 0 h to 24 
h. However, PVD linearity reproducibility is in the order of 4% as an average. 
 
Figure 72: Linearity reproducibility of PVD [top dashed] and Cu tape [bottom 
continuous] at 50 kV 
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A comparison between PVD TMOD1 and IC in terms of linearity is, also, plotted 
in Figure 73. This indicates 4% of linearity reproducibility for PVD TMOD1, compared 
to 0.3% of linearity reproducibility for IC. 
 
Figure 73: Linearity reproducibility of PVD [bottom dashed] and IC [top continuous] at 
50 kV  
Likewise, Figure 74 shows the typical photon E dependence reproducibility of the 
Cu tape, which is in the order of 17% from 0 h to 24 h. Meanwhile, PVD shows a 
relatively high degree of reproducibility in the order of 3% as an average. 
 
Figure 74: Photon E dependence reproducibility of PVD [top dashed] and Cu tape 
[bottom continuous] at 6 mA 
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For comparison, PVD TMOD1 photon E dependence reproducibility is plotted 
together with the IC photon E dependence reproducibility. PVD TMOD1 photon E 
dependence showed 3% of reproducibility. This is to be compared with the IC photon E 
dependence reproducibility, which is in the order of 0.3%. 
 
Figure 75: Photon E dependence reproducibility of PVD [bottom dashed] and IC [top 
continuous] at 6 mA 
The detector TMOD2 was tested as well as the TMOD1, in order to confirm the 
high level of linearity reproducibility [4%] and photon E dependence reproducibility 
[3%], using PVD electrodes. Similar behaviour was identified and the figures can be 
found in Appendix  9.3.1. NB: TMOD2 has smaller size, when compared to the TMOD1. 
Thus, lower net signal magnitude is expected [see Table 3]. 
It is worth mentioning that Figure 72 and Figure 74 show identical responses for 
Cu tape, and PVD at 0 h with the lowest photon fluence rate [7.965x10
12
 p/m
2
/sec] and 
kV [30 kV], respectively. However, at 1 h and 24 h Cu tape net signal decreases by 8.5% 
each, whereas, PVD net signal remains stable within 4% and 3%, respectively. This 
makes PVD reproducibility fall on the border line for the permissible reproducibility of 
radiation monitor as explained in  1.2 Desirable Detector Specifications.  
7.2.1.4 Signal Stability 
In order to complete assessing the PVD and prove its superiority over the Cu tape, signal 
stability measurements were performed on the detector TMOD1. These were performed 
for the time intervals of 1 min, 15 min, 30 min, 45 min, 60 min and 1440 min [24 h], and 
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details are given in Table 24. NB: each time interval in Table 24 is the sum of the 
previous time intervals as previously explained in section  4.5 Signal Stability.  
From Table 24, Cu tape net signal continues to decrease with time until, at 1440 
min [24 h], it reaches 14% of the magnitude at 1 min. In contrast, PVD showed a stable 
behaviour, where signal discrepancy did not exceed 2.5% at any time interval as a 
maximum in which all values fall within the SD. In addition, similar behaviour is spotted 
at PVD TMOD2 and can be found in Appendix  9.3.2 Signal Stability. 
This relatively high level of stability [2.5%] is due to the elimination of the 
capacitance provided by the Cu tape, so, no charge was stored between the electrode 
material and the TMO layer. Also, no rectification was expected at the n-type TMO-
electrode interface due to high φ material.    
Table 24 shows net signal stability comparison between PVD TMOD1 and the IC. 
Both detectors experience a fall in their net signals within their SD‘s. In essence, the IC 
shows a variation of 0.3%, compared to the PVD TMOD1, which is in the order of 2.5%. 
This is to be compared with the Cu tape [14%]. 
Time (min) IC net signal (pA) 
PVD TMOD1 
net signal (pA) 
Cu tape TMOD1 
net signal (pA) 
1 870.0±0.5 43±1 35±2 
15 870.0±0.5 43±1 34±1 
45 -- 43±1 33±1 
90 -- 43±1 32±2 
150 870.5±0.5 44±1 31±2 
1590 871.0±0.5 44±1 30±2 
Table 24: Signal stability comparison of IC, PVD and Cu tape TMOD1 at 50 kV and 6 
mA 
7.2.1.5 Long Term Stability 
It is noticeable that most stability measurements were taken up to 24 h. Thus, Table 25 
and Table 26 show signal stability in the form of long-term stability. The detector PVD 
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TMOD3 was used and measurements were taken at the steps of 1 h, 24 h, 48 h and 96 h 
without changing the setup. 
Time (h) 
PVD TMOD3 net signal 
at 2 mA (pA) 
PVD TMOD3 net signal 
at 6 mA (pA) 
1 6.8±0.5 12.8±0.4 
24 7.3±0.6 13.3±0.5 
73 6.4±0.4 12.7±0.6 
169 7.2±0.8 13.9±0.5 
Table 25: Long-term signal stability of PVD TMOD3 at constant 50 kV with 2 mA and 6 
mA 
Table 25 shows the long-term stability in terms of linearity at constant x-ray tube 
voltage [50 kV] and at two different x-ray tube currents [mA], which are 2 mA and 6 mA. 
The average discrepancy between the points at different intervals is 4%. 
In addition, Table 26 shows the same patterns as presented in Table 25 but 
presented in terms of photon E dependence. The x-ray tube current was fixed at 6 mA, 
where the signals were measured at 30 kV and 50 kV. The average difference between the 
points at different intervals is found to be 3%. 
Time (h) 
PVD TMOD3 net signal 
at 30 kV (pA) 
PVD TMOD3 net signal 
at 50 kV (pA) 
1 5.6±0.5 13.2±0.6 
24 5.6±0.9 13.7±0.5 
73 5.3±0.5 13.2±0.5 
169 5.9±0.7 13.9±0.5 
Table 26: Long-term signal stability of PVD TMOD3 at constant 6 mA with 30 kV and 
50 kV 
In comparing the short-term stability [signal stability] to the long-term stability, 
the short-term stability is superior by 29% as an average, compared to the long-term 
stability. This is because in the long-term stability, the TMO detector had enough time to 
recover and flush out all charges stored in its defects. This test contributes to the assessing 
the reliability of the TMO detectors for clinical applications as radiation monitoring 
devices. 
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7.2.1.6 Detailed Line Profile 
Detailed line profile test was acquired to evaluate the uniformity of detection on the 
surface. This is because the active area [p-n hetrojunction] should, ideally, have constant 
response at constant kV and mA. Also, the electrodes should not contribute to the signal 
produced from the TMOs although the wide beam geometry was in use. Finally, this test 
could be useful in estimating the depletion layer magnitude at the p-n hetrojunction. 
In this experiment, a collimated [2.5 mm] pencil x-ray beam scanned the TMOD4. 
Measurements were taken at four different locations with 3.0±0.5 mm step sizes as 
illustrated in Figure 76. The x-ray kV and mA were set to 50 kV and 4 mA, respectively, 
and the detector was positioned 5 cm away from the x-ray source.  
 
Figure 76: Schematic diagram of the TMOD4 detailed line profiles [plan view] 
Figure 77 shows the detailed line profiles taken from the locations drawn in Figure 
76. Figure 77 is sectioned in 5 portions, where each portion has a corresponding portion 
in Figure 76. p indicates Cr2O3, while, n indicates NiMn2O4.  
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Figure 77: Detailed line profile on TMOD4 at 4 mA and 50 kV, following the steps in 
Figure 76 
Interestingly, a characterised fixed pattern of surface response is observed for each 
portion. Although the wide beam geometry setup was used, no significant contribution 
from the electrodes was observed. This means that the Atmos TMO detectors can be used 
without any collimation to the effective area [p-n hetrojunction], which is a desired 
feature in radiation detectors as indicated in  1.2 Desirable Detector Specifications. 
The Cr2O3 section shows the highest response [average of 14.6 pA], whereas, the 
NiMn2O4 section shows a lower response [average of 10.2 pA]. This difference in 
response between the two sections is due to the BG of each material. From Table 20, 
Cr2O3 has a BG value of 3.7 eV, and Pisarev stated that manganites have a typical BG 
value of 4.5 eV (60,175).  
The p-n hetrojunction shows an average value of 11.6 pA for the four locations. 
Hence, it is possible to estimate the depletion layer at the p-n hetrojunction from Figure 
77. This is achieved by increasing the BG of the Cr2O3 by the same reduction value as 
observed in the p-n hetrojunction net signal, when compared to the Cr2O3 net signal [14.6 
pA]. On this basis, the reduction was found to be within 20.6%, as an average. 
Consequently, the p-n hetrojunction estimation can be in the order of 4.21 eV as an 
average. This average includes applying the same calculation on the NiMn2O4 net signal 
[10.2], which has the increment of 12%. 
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Furthermore, the profiles of the four locations were found to differ by an average 
of 8% across the whole detector from 0 mm to 25 mm in Figure 77. The reason for this 
difference can be linked to many factors; surface non-uniformity [3.56%] found in section 
 5.5 Surface Uniformity, defects, C random surface contamination, pure metal 
contamination and TMO thickness variation can be all considered as main factors for this 
discrepancy [8%]. 
7.2.1.7 Continuous Signal Stability 
This experiment evaluates the non-stopping signal stability of the TMOD4. This is 
accomplished by placing the detector in the x-ray beam [115.0±0.5 mm away], then 
irradiating the detector with constant mA [4 mA] and kV [40 kV]. The x-ray tube was left 
on for 80 min in which a reading was taken every 10 min. This is can be seen in Figure 
78. 
 
Figure 78: Continuous stability of TMOD4 at 4 mA and 40 kV 
From Figure 78, the net signal is found to be varying by an average of 2%. This 
value falls within the signal stability value [2.5%] for TMOD1 analysed in section  7.2.1.4 
Signal Stability. The reason that this continuous stability showed a superior stability 
[2%], compared to the signal stability [2.5%] was the measurement method. Signal 
stability required switching off and turning on the x-ray tube between time intervals, 
which led to more movement next to the pico-ammeter. This is in conjunction with 
warming up the tube after each pause. However, these had little impact on the continuous 
stability and thus, superior stability was observed.  
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Hence, it might be possible to conclude that the Atmos TMO detectors are stable 
and reliable for real time monitoring, validating the Atmos detectors for the ultimate goal 
of this project; building real time radiation detectors. 
7.2.1.8 Conclusions and Summary 
To conclude, it is essential to confirm that PVD showed a significant improvement in the 
detector response in all aspects. Mainly, the PVD omitted the capacitance presented in the 
Cu tape. This had the result of improving the reproducibility dramatically. Also, superior 
sensitivity, less fluctuation and signal stability are significantly improved. So, it is 
possible to conclude that PVD is effective and strongly recommended. The only possible 
improvement to the current PVD electrode structure, which may be suggested, is 
preparing the surface before applying the PVD electrode for better TMO-PVD electrode 
interface. 
Also, by referencing back to section  6.3.1 Mechanical Polishing, the 
reproducibility confirms that the high level of reproducibility [1.3%] in Table 22 was 
because of the PVD electrodes. This value [1.3%] is smaller than the average value 
produced for linearity reproducibility [4%] because in Table 22, linearity was limited by 
low photon fluence rate to avoid saturation. Hence, there were not sufficient 
measurements points to be compared. Also, the magnitude of the signal increment [nA‘s] 
was not mainly due to PVD electrodes, instead, it was mainly due to mechanical 
polishing. 
It is of utmost importance to give a table of the summary in which summary all 
the comparison values obtained in this section are given. This is shown together with data 
from Table 6 for ease of comparison. This data is given in Table 27. 
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Radiation test 
Field of 
comparison 
Cu tape 
TMOD1 – IC 
[%] 
PVD TMOD1 – 
Cu tape 
TMOD1 [%] 
PVD TMOD1 
– IC [%] 
Linearity     
 
Net signal 
magnitude 
4.6 17 5.4 
 Sensitivity 2 30 2.5 
 SD 76 47 45 
Photon E 
dependence 
    
 
Net signal 
magnitude 
4.3 19 5.2 
 Sensitivity 2 47 3.8 
 SD 62 25 49 
Reproducibility     
 
Average of 
linearity and 
photon E 
dependence 
17 [Cu tape] 
and 0.3 [IC] 
3.5 [PVD] and 
17 [Cu tape] 
3.5 [PVD] and 
0.3 [IC] 
Signal stability     
 
Short-term signal 
stability 
14 [Cu tape] 
and 0.3 [IC] 
2.5 [PVD] and 
14 [Cu tape] 
2.5 [PVD] and 
0.3 [IC] 
Table 27: Table of summary for IC, Cu tape TMOD1 and PVD TMOD1 comparisons 
TMOD3 showed a long-term stability of 3.5% as an average for linearity and 
photon E dependence. This is expected, when compared to the short-terms stability 
[2.5%] due to complete charge flush out in long-term stability. Note that, all stabilities fall 
within the acceptable range as shown in  1.2 Desirable Detector Specifications.  
Finally, detailed line profiles have enlightened the path to estimate the depletion 
layer at the p-n hetrojunction. The estimated amount was found to be 4.21 eV, which is 
expected as TMOs are wide BG semiconductors. This is together with the continuous 
stability of the signal, which validated [variation of 2%] the Atmos TMOs to be used as 
real time monitoring devices. 
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7.2.2 Synchrotron UV Analysis 
7.2.2.1 Introduction 
Thus far, all radiation tests were performed with laboratory based tube x-ray sources. In 
this section, the TMO detectors are examined with UV. As UV has a lower E range [9 eV 
to 40 eV used in this project], when compared to x-ray [20 keV to 40 keV used in this 
project], the UV beam is less penetrating in comparison to x-rays. Hence, εabs is expected 
to increase as it will be seen in this section. By this method, it is possible to set a range of 
E‘s in which the TMO detectors can perform successfully. This section will present UV 
tests in terms of linearity, photon E dependence, reproducibility and detection uniformity. 
A Si photodiode [AXUV-100] will be compared to the TMO detectors response in each 
aspect. Additionally, it is important to state that TMO detectors and the Si photodiode 
signals are normalised to the electron beam current in the storage ring of 200 mA, as the 
current in the storage ring decays with time exponentially (125). Also, system setup and 
measurements protocols were listed in  3.4.2 System Setup and Measurements Protocols. 
7.2.2.2 Linearity 
Figure 79 shows two linearity curves at 40 eV. The curve with higher net signal belongs 
to Si, meanwhile, lower net signal curve is TMOD3. The TMOD3 shows a linear 
response [R
2
=0.999], compared to Si photodiode [1]. Although the sensitivity of the 
TMOD3 forms only 0.6% of the Si sensitivity, the signal of the TMOD3 shows a much 
higher net signal magnitude, compared to the net signals obtained by tube x-ray in section 
 7.2.1 Tube X-ray analysis.  
 
Figure 79: Linearity of TMOD3 at 40 eV 
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Interestingly, the net signals magnitude of the TMOD3 goes up to hundreds of the 
pA. It is believed that the reason for obtaining a higher signal in the TMO detectors with 
UV in comparison to when x-rays are used, is the low photon E‘s [UV]. This will 
drastically increase the bulk sensitivity of the TMO, as the mean free path of the electrons 
is expected to decrease with E‘s in the UV range (125). This will be proven shortly, when 
the full TMO/Si comparison is accomplished.   
As the TMOD3 signal is stable, a linear [0.999] relation is obtained, which is due 
to the system setup in particular. As it was described in section  3.7.2 BaD ElPh Beamline, 
the TMOD3 was inserted in a leaded vacuum chamber and the pico-ammeter was placed 
in a metallic book shelves-like case. This kept the pico-ammeter shielded from any static 
noise added due to movement nearby. This setup would prevent from adding any static 
noise induced by movement. This will be fully addressed in section  7.5 Noise. 
Additionally, Figure 80 shows the correlation between the TMOD3 and the Si 
photodiode at 40 eV, 9 eV and 5 eV, where an excellent correlation was observed. This 
can be deduced from the R
2
 of the curves, which have the value 0.999, meaning that the 
same signal magnitude ratio induced in Si photodiode was induced in TMOD3. NB: a 
similar linear response was obtained from TMOD4 as it can be seen in Appendix  9.4 UV 
Analysis for PVD (7). 
 
Figure 80: TMOD3-Si photodiode correlations at 40 eV, 9 eV and 5 eV  
Note that, the SD does not increase at low photon flux in 5 eV for TMOD3. It is 
the Log x-axis, which has different scale before 1 pA/200 mA. Instead, the signal remains 
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detectable and stable as we reached the lowest photon E [5 eV] and photon flux 
[1.539x10
8
 p/sec/200 mA] possible by the BaD ElPh beamline. 
7.2.2.3 Photon Energy Dependence 
So far, the TMO detectors have been compared with the Si photodiode in terms of flux 
only. Therefore, it is essential to be compared in terms of E. A linear E response was not 
expected with Synchrotron radiation as was achieved with the laboratory tube x-ray 
experiments. This is because synchrotron beamlines use monochromators, which have 
different efficiencies at different E‘s, as well as, pre-focusing mirrors [see section  3.7.2 
BaD ElPh Beamline]. Hence, the Si photodiode was used to characterise the BaD ElPh 
beamline to plot the behaviour of the monochromators with different E‘s from 5 eV to 40 
eV. Figure 81 shows the trend of the Si photodiode [top curve], which is confirmed by 
references (115,125).  
 
Figure 81: BaD ElPh beamline characterisation by Si [top], TMOD3 and TMOD4 
[bottom] 
The TMOD3 and TMOD4 were used to characterise the beamline as well. In 
Figure 81, the bottom two curves belong to TMOD3 and TMOD4. Although TMOD3 and 
TMOD4 are two different samples, a good agreement on the behaviour of the Cr2O3-
NiMn2O4 with BaD ElPh beamline was observed. The difference between the two curves 
was found to be, on average, of 8%. This relatively low difference is assumed to be purely 
due to the manufacturing process, and reflects the reproduction ability of Atmos flame-
spray system. 
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In order to compare the Si with the TMO detector, only the TMOD3 detector was 
compared with Si, to avoid any repetition as the TMOD4 should follow the same 
comparison deduced from the TMOD3. The Si photodiode and the TMOD3 agree on the 
drop of net signals at 5 eV, 14 eV and 40 eV. Additionally, three peaks are observed in Si 
and TMOD3 at 9 eV, 22 eV and 31 eV. However, Si shows the highest response at 9 eV 
[545.3 nA/200 mA]. On the other hand, TMOD3 shows the highest response at 22 eV 
[6.624 nA/200 mA], however, this does not contradict with Si as Si shows a comparable 
high peak at 22 eV [521.7 nA/200 mA] with 9 eV [545.3 nA/200 mA]. 
At this stage, it is important to emphasis the effect of mechanical polishing on the 
net signal of the TMO detectors, as the mechanical polishing is capable of magnifying the 
net signal of the TMO from few nA‘s to hundreds of nA‘s [see section  6.3.1 Mechanical 
Polishing]. Hence, this will make the TMOs detectors competitors to Si photodiodes. 
7.2.2.4 Signal Stability 
The signal stability test is performed on the Si and TMOD4 detector alike. These 
measurements were obtained using constant E of 40 eV and flux of 2.993x10
10
 p/sec/200 
mA and the time intervals 0 h, 1 h and 2 h as seen in Table 28. 
Time (h) 
TMOD4 normalised net 
signal (pA/200 mA) 
Si normalised net signal 
(pA/200 mA) 
0 191±1 39962±38 
1 187±1 40198±31 
3 192±1 40270±28 
Table 28: Signal Stability for Si and TMOD4 at constant 40 eV and 2.993x10
10
 p/sec/200 
mA 
From Table 28, it can be seen that the TMOD4 signal shows a stability of 2.4% as 
opposed to Si, which has stability of 0.8%. Moreover, the TMOD4 stability [2.4%] in the 
UV range is comparable with the stability found with the TMOD1 [2.5%] in the x-ray 
range in section  7.2.1.4 Signal Stability.  
 
  
139 
7.2.2.5 Detection Uniformity 
The TMO detector was moved inside the vacuum chamber in x and y directions with an 
accuracy of fractions of mm‘s. Also, the beam spot size was approximately 300x300 µm. 
Combining these two conditions, it was possible to scan the detector to investigate the 
detection uniformity from the centre to the edge of the active areas [p-n hetrojunction]. 
TMOD4 was used for this purpose, where Figure 82 shows the mapping positions [white 
dots]. 
 
Figure 82: Schematic diagram of TMOD4 mapping positions for detection uniformity; 
black position indicates the location [1,1] 
On this basis, it was possible to evaluate the response of the detector as a function 
of position on the active area [p-n hetrojunction]. NB: the detector shown in Figure 82 is 
the same detector as shown in Figure 76 [TMOD4]. Figure 83 shows the response of the 
TMOD4 at each point shown in Figure 82. Figure 83 [top] indicates the surface plot, 
while, Figure 83 [bottom] indicates the plan view of this surface plot. The E of the beam 
was fixed at 30 eV. 
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Figure 83: Mapping of the active area detection uniformity mapping. NB: the unit on the 
colour scale is nA/200 mA 
From Figure 83, the corner [1,1] represents the black position in Figure 82. Red 
areas show hot spots, where the highest response was recorded, and blue areas show the 
lowest recorded response. Interestingly, the centre of the active area demonstrates a high 
and uniform response, when compared to the edges. 
Notably, the top and bottom of the TMOD4 are relatively insensitive to radiation. 
This might be due to the substrate structure. The substrate is slightly curved at the top and 
bottom edges, which will lead to variations in the thickness of the TMOs deposited onto 
it. Particularly, 5 mm from the top i.e. from [2,1] to [2,3] and 10 mm from the bottom i.e. 
from [8,1] to [8,3]. This also indicates that due to the splashing discussed in  5.7 
Contamination and Splash, the nozzle loses uniformity at the edges, which makes the 
thickness of the grown layer vary significantly with deposition. This is because TMO 
particles escape the flame from the sides and are deposited away from the ROI of 
deposition, which is perpendicular to the centre of the flame. Thus, a solution could be 
masking the flame or the deposition is performed on larger substrate then the large 
substrate is cut at the middle, where the uniform deposition is concentrated. Furthermore, 
the n-type side shows a cooler area, compared to the p-type side. This behaviour is 
expected and explained by Knoll. This is because when the beam is focused on the point, 
say, [5,1], the generated electrons will travel quickly to the p-type electrodes. On the 
other hand, holes will take a greater amount of time to reach the n-type electrode due to 
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the distance between the electrode and the point of generation. The opposite is true for 
point [5,3]. This is in addition to the high mobility of electrons, compared to holes, which 
is a feature of all p-n junction based semiconductor detectors, such as Si, Ge and GaAs 
(13).       
Consequently, due to the mobility difference between electrons and holes, 
electrons are more likely to survive the trapping due to manufacturing limitations than 
holes. Therefore, the n-type side [hole collection] shows cooler areas, when compared to 
the p-type side [electron collection]. 
Finally, this behaviour was not seen in Figure 77 due to the difference in E‘s [30 
eV to 30 keV]. So, we can conclude that holes are able to overcome the traps at 30 keV 
more efficiently than 30 eV. The detailed line profiles started at [3,1] from the top and 
ended at [8,1] from the bottom, and so, the cold areas are missed and not included in the 
plot. Instead, a good variation agreement in the p-n hetrojunction area is calculated, 
where, as shown in Figure 77, the variation between the four locations in the area from 7 
mm to 17 mm was within an average of 6%. Similarly, the variation in the area from [3,1] 
to [8,1] in Figure 83 is found to be within an average of 7%.   
7.2.2.6 Summary 
The TMO detectors showed a high level of sensitivity to UV, as seen from the good 
agreement between TMO detectors when compared to Si across the UV experiments. A 
linear [R
2
=0.999] response and good correlation with Si were spotted in TMO detectors. 
The TMO detectors showed relatively high net signal magnitude with UV [nA‘s], when 
compared to x-ray [pA‘s]. 
Two different TMO detectors characterised the BaD ElPh beamline with an average 
variation of 8% between them. This characterisation showed a similar trend to Si but with 
different intensities. Moreover, good agreement was seen between the x-ray signal 
stability [2.5%] and the UV signal stability [2.4%]. 
Finally, the detection uniformity across the p-n hetrojunction was evaluated. The 
expected behaviour presented in Si and Ge was also seen in the TMO detector. 
Comparison of the UV net signal response variation at the hetrojunction [7%] depicted 
good agreement with the x-ray net signal variation at the hetrojunction [6%]. Hence, a 
conclusion can be drawn to say that TMO detectors are feasible for operation in the E 
range of UV and x-ray. 
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7.3 Attenuation Coefficient 
7.3.1 Introduction 
In order to maximise the generated EM results, the compositional analysis tables were 
used to calculate the µ/ρ and then the µ as explained in section  3.8 Attenuation 
Coefficient and Efficiency. By this method, it is possible to evaluate the Atmos TMOs, 
including every level of contamination, such as C and core contaminations. However, 
trace elements of less than the SD [< 0.50%] were omitted and the remaining elements 
normalised to 1 by weight. 
7.3.2 Mass Attenuation Coefficient 
The fraction by weight together with the element were be input into the XMuDat software 
to produce a µ/ρ curve as a function of E. Table 29 shows a summary of the Atmos TMOs 
and their compositional analyses tables in the EM section. NB: XMuDat in Table 29 
means the value as given by the software, based on reference (130). 
TMO 
Compositional 
analysis tables 
above 
Zeffe ρ [g/cm
3
] 
References 
for ρ 
FeCrAlO4 Table 9 22 -- -- 
Mixture of 
CoFeVO4 and 
CoFe2O4 
Table 10 and 
Table 14 
24 
5.3 
[CoFe2O4 
only] 
(152) 
Mixture of FeO 
and Fe3O4 
Table 11 23 
5.2 [Fe3O4 
only] 
(152) 
Cr2O3 Table 11 21 5.2 (176) 
NiMn2O4 Table 12 23 5.5 (177) 
CO2 XMuDat 8 1.84x10
-3
 XMuDat 
Si XMuDat 14 2.3 (114) 
Table 29: Summary of Atmos TMOs compositional analysis tables in the EM section and 
physical properties 
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After inputting details of the five TMOs given in Table 29, pure Si is added for 
comparison. This is shown in Figure 84. The E range 1 to 50000 keV was used to fully 
assess Atmos TMOs in comparison to Si. 
 
Figure 84: µ/ρ of Atmos TMOs and Si for comparison 
From Figure 84, the Atmos TMOs show typical trends of µ/ρ curves and close 
Kα‘s [6 – 8 keV]. This fact is expected as first-row TMs [from V to Ni] have similar 
physical properties in terms of Z [23 – 28], ρ [6 – 9 g/cm3] and kα [5 – 7 keV]. 
Accordingly, the Atmos TMOs should have similar physical properties as well. Table 29 
also shows the Zeffe values, calculated using the software, of the Atmos TMOs. The 
Atmos TMOs are expected to have similar densities, where a literature survey showed the 
range of 5.2 – 5.5 g/cm3 for Atmos spinel TMOs densities [see Table 29] (114). 
In terms of TMOs and Si comparison, µ/ρ TMOs are superior to Si in the range of 
1 – 1.74 keV and 6 – 200 keV. In the portion of 1.74 – 6 keV Si shows higher µ/ρ values 
due to Si Kα, which is located at 1.74 keV. Then from 200 – 50000 keV TMO and Si 
show similar trends although the TMOs show slight increment at higher E‘s [4000 – 
50000 keV] (114). Such a trend is expected as the TMOs have higher Zeffe values 
compared to Si [from Table 29], which is a desired feature as expressed in  1.2 Desirable 
Detector Specifications. This is because at low E‘s, the predominant interaction is the 
photoelectric effect, whereas at high E‘s the predominant interaction is pair production. 
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Both probabilities of interactions are dependent on Z
4
 and Z
2
, respectively. In 
comparison, Compton scattering at the medium E‘s shown does not show any dependency 
on Z, hence, an overlapping occurs between TMOs and Si in medium E‘s (13,17). 
In terms of Kα comparison, TMOs show late soft x-ray Kα‘s [6 – 8 keV] when 
compared to Si [1.74 keV]. In terms of future applications, this feature makes TMOs 
suitable for soft x-ray imaging in the range of 6 – 8 keV. This is because the advantage of 
the dramatic increment in µ/ρ due to photoelectric effect can be used to enhance image 
contrast in the region of 6 – 8 keV (17,178). 
7.3.3 Linear Attenuation Coefficient 
Thus far, the calculation is made for µ/ρ, however, µ calculation would make more sense 
as the εabs and mean free path can be estimated. Recalling that the TMO detectors used in 
this project for radiation measurements are the combination of NiMn2O4 [n-type] and 
Cr2O3 [p-type]. Moreover, the E range used at the UCL laboratory is from 20 to 40 keV 
[section  3.4 Tube X-ray]. On this basis, it is essential to focus the study in to the effect on 
µ on this E range [20 – 40 keV] and for NiMn2O4-Cr2O3 materials only. 
It is now important to apply some corrections to be able to obtain the most 
approximate calculated µ/ρ of the Atmos TMOs. As explained in section  3.8 Attenuation 
Coefficient and Efficiency, µ is obtained by multiplying the µ/ρ by the ρ. In this sense, 
the ρ values presented in Table 29 are for pure TMOs [stoichiometric]. However, the 
Atmos TMOs are non-stoichiometric due to the presence of contamination [core and C]. 
Thus, using the following equation is tested to calculate the ρ vlaues for the 
stoichiometric TMOs as their ρ vlaues are known. After that, the difference between the 
calculated and tabulated ρ will be used to correct for the calculated ρ for the non- 
stoichiometric TMOs. 
       
 
     
Where, wi is the fraction of the i
th
 element by weight. The percentage by weight of 
the elements within the stoichiometric TMOs can be calculated, using the atomic weight 
together with the number of atoms. Therefore, Table 30 shows the stoichiometric 
calculation for NiMn2O4 and Cr2O3. 
 
 
Equation 19  
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Element 
Atomic 
weight 
Number 
of 
atoms 
Normalised 
weight [%] 
Element 
Atomic 
weight 
Number 
of 
atoms 
Normalised 
weight [%] 
Ni 58.69 1 25.24 Cr 51.99 2 68.43 
Mn 54.93 2 47.25 O 15.99 3 31.57 
O 15.99 4 27.51 -- -- -- -- 
Total   100.00    100.00 
Table 30: Stoichiometric calculation of NiMn2O4 and Cr2O3 (114) 
Based on Equation 19 and Table 30, Table 31 shows a comparison between the 
calculated and tabulated ρ of NiMn2O4 and Cr2O3. The difference between the calculated 
and tabulated ρ of NiMn2O4 and Cr2O3 in particular can be applied as a correction factor 
when calculating the ρ, using Equation 19. This is to estimate the ρ for the Atmos TMOs 
[NiMn2O4 and Cr2O3], including the contamination and non- stoichiometry. 
TMO 
Calculated ρ 
[g/cm
3
] 
Tabulated ρ 
[g/cm
3
] 
Correction 
factor [%] 
Estimation 
[cal. – tab.] 
NiMn2O4 5.7 5.5 3.5 
Over 
estimation 
Cr2O4 4.9 5.2 5.7 
Under 
estimation 
Table 31: Calculated and tabulated ρ (176,177) 
By this method, it is possible to estimate the ρ of Atmos NiMn2O4 and Cr2O3. This 
ρ would take in account the presence of any contamination together with trace elements 
provided that the fraction is above the SD [> 0.50%]. This calculation [after applying the 
correction factors in Table 31] showed the ρ of NiMn2O4 as 5.2 g/cm
3
 and the ρ of Cr2O3 
as 4.7 g/cm
3. Reduction in ρ is expected due to the presence of C, which would lower the 
total ρ due to its [C] relatively low ρ [2.27 g/cm3] compared to TMs. 
With these calculated ρ values, it is possible to apply the mixture rule to calculate 
the total µ/ρ and then the total µ. However, another correction factor is required at this 
stage, which is to account for defects in the TMO layers deposited by the flame-spray 
process. Recalling sections  5.8 Surface and Bulk Comparison and  5.10 Cross-Sectional 
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Analysis, it was found that 30% of defects are contained within each sample, and also, in 
section  3.1 Atmos Technologies Ltd., it was shown that the waste product of the flame-
spray process is CO2 only, it is important to correct for the defects, voids and cracks 
which are considered to be filled with CO2. So, the modelling of the Atmos TMOs can be 
considered as shown in Figure 85 in order to be able to calculate the total µ. 
 
Figure 85: TMOs modelling for total µ calculation; I and Io indicate transmitted and 
primary photons, respectively 
After applying the defect and ρ corrections, it is possible to apply the mixture rule 
to calculate the total µ for Cr2O3, NiMn2O4 and CO2. The calculated total µ can be seen in 
Figure 86, for the E range of 20 to 40 keV only. Si is also shown for comparison 
purposes. 
 
Figure 86: Total calculated µ compared to Si 
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The effect of the corrections is to cause the total µ to be reduced by 35%. This is 
due to the insertion of the CO2 layer, which has much lower ρ and Zeffe, compared to the 
TMOs. This will reduce the overall Zeffe of the materials [NiMn2O4-Cr2O3-CO2] to the 
order of 19 [see Table 29]. In addition, the expected lower ρ of TMOs due to 
contamination and non-stoichiometric also contribute to this reduction [35%]. 
In terms of TMOs and Si comparison, it is apparent from Figure 86 that TMOs are 
superior across the whole range of E [20 – 40 keV]. The superiority varies with E 
according to the dependency of photoelectric effect on [Z
4
/E
3.5
] and Compton scattering 
on E only. NB: no pair production is expected in this range of E as pair production has a 
threshold of occurrence, which is 1022 keV (13,17). 
Single E will be chosen for further analysis. This E is 33 keV and is chosen in 
particular as an experimental comparison will be conducted later on around this E [33 
keV], in section  7.4 Efficiency. From Figure 86, the mean free path can be calculated at 
33 keV and given in Table 32, which shows the total µ and mean free path for both, TMO 
and Si. 
Material µ cm
-1
 Mean free path [cm] 
NiMn2O4-Cr2O3-
CO2 
13.1 0.08 
Si 2.6 0.38 
Table 32: µ and mean free path at 33 keV 
By referencing back to Mott in section  2.4 Type of Charge Carriers, in every 800 
µm [0.08 cm] of the lattice, polarons are ready to hop to a near-neighbour empty site. 
However, this process is interrupted as polarons cannot delocalise to hop, instead, 
polarons remain localised owing to the presence of voids and cracks in the average of 
30% (63). This can be observed by going back to section  5.10 Cross-Sectional Analysis. 
µ is also confirmed by Takahashi et al. for Si at this E [33 keV] (179). 
Finally, the stacked rule can be applied at E = 33 keV and d = 0.02 cm. In 
consequence, it is possible to calculate the εabs as follows. 
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From the calculation performed above, the model shown in Figure 85 is expected 
to attenuate 23% of the primary beam. However, one last correction is necessary. Jonge et 
al. compared Hubbell et al. µ/ρ with an improved technique for measuring the µ/ρ, based 
on synchrotron radiation. Jonge et al. claimed a range of discrepancies with a range of 
E‘s. However, in the E range of 20 to 40 keV, the discrepancy is within 4% less than 
Hubbell‘s values, which in practice, will bring the εabs value down to 22% (180).     
The same calculation is performed for Si and the εabs is found to be 5%. This 
means that any thickness of the Atmos TMOs [even including the effect of defects and 
contamination] is 77% more efficient at attenuating photons with E = 33 keV than Si. 
7.3.4 Summary 
Several corrections were applied on the calculation of the µ, based on the EM results. 
These corrections decreased the true µ value by 35% due defects and contamination. 
Moreover, the theoretical εabs at 33 keV was found to be 22%, which is superior to Si 
[εabs=5%] by 77%. 
7.4 Efficiency 
7.4.1 Absorption Efficiency 
The εabs is the ratio of I to the I0 through a certain thickness of the detector material and 
photon E (17). Following the steps explained in section  3.8 Attenuation Coefficient and 
Efficiency, the εabs can be measured experimentally. This is achieved by obtaining the net 
εabs [TMOD1 - substrate] of the Cr2O3-NiMn2O4. Note that, the measurements were based 
on three different locations on the TMOD1. These locations were focused on the active 
area of the detector [p-n hetrojunction], principally, the hot spots shown in Figure 83. It 
was found that the εabs of the Cr2O3-NiMn2O4 hetrojunction is in the order of 19%. This 
value was corrected for the εi of the CZT as it will be explained shortly.  
Equation 20  
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This will take us back to section  7.3 Attenuation Coefficient. The theoretical calculation 
showed an εabs of 22%., where the remaining 3% [22%-19%] is considered as an 
uncertainty in the experiment. This is due mainly to the sample and substrate thickness 
variations. Thus, it is possible to generate a correction factor to bring the theoretical εabs to 
the experimental εabs. This factor equals 0.136. 
As a result, it is possible now to calculate the εabs for a 0.5 cm thick Cr2O3-
NiMn2O4 hetrojunction. This is because the TMOD1 sample used possesses an average 
thickness of 200±5 µm. For consistency, this should be modified to 0.5 cm as a 
comparison will be attained with a 0.5 cm thick CZT detector later on.  
By referring back to Equation 15, the εabs of 0.5 cm thick Cr2O3-NiMn2O4 can be 
calculated by applying the correction factor [0.136] to calculate the value 86%. Note that, 
the µ of TMOD1 is obtained from Table 32 at 33 keV. This is because the source used in 
the efficiency experiment was Cs-137, which has a photopeak around 33 keV (133). 
7.4.2 Charge Collection Efficiency 
While the CCE is defined as the ratio of the total charge observed to the actual charge, it 
is possible to use the PVD curves in Figure 72 for this purpose. The photon fluence rate is 
corrected to consider only the photons which fall on the CZT equivalent detector area [5 x 
5 mm
2
]. Then the signal of a single photon with an E of 50 kV [around 30 keV according 
to xcomp5r] is calculated. By this method, it is possible to estimate the charge generated 
by this photon. Consequently, the number of generated electrons can be calculated as an 
electron has the value of 1.6x10
-19
 C. This number of generated electrons was compared 
to the expected number of electrons, based on the BG and photons E [30 keV]. The BG 
was estimated to be 4.12 eV as shown in section  7.2.1.6 Detailed Line Profile (17). 
However, by referring back to section  2.4 Type of Charge Carriers, the charge 
carrier type in the TMOs is polarons. Stoneham demonstrated that due to the localisation 
of the polarons, the E needed to generate an e-h pair in a defective material would be the 
BG plus the extra E of the localisation. The extra E can be even more than the BG in the 
worst scenario, which makes the expected number of electrons rely on a two BG‘s-order. 
Numerically, this will move the E needed to generate an e-h pair to 8.24 eV in the Cr2O3-
NiMn2O4 hetrojunction (56). In an earlier work, this fact was confirmed by Sangaletti et 
al. as he quoted that the CT E of the FeO to be 7 eV, whereas, the BG is 2.5 eV (53,181).  
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In fact, at this early stage of detector optimisation, a single photon with E = 30 
keV is found to produce a fraction of the electron charge in the p-n hetrojunction. 
Accordingly, the CCE is calculated to be in the order of 0.023% as an average. 
It is of utmost importance to clarify the actual meaning of CCE. CCE is a global 
term which includes the electrodes, material purity and geometry. Therefore, in order to 
optimise the CCE, the material deposition method and design of the detector should be 
improved, due to the charge carrier trapping/scattering, e-h recombination and charge loss 
due to long charge travelling distance to reach the electrodes (21). 
7.4.3 Intrinsic Efficiency 
So far, εabs and the CCE have been calculated. According to Ahmed and Giakos, the εi is 
the product of εabs and CCE. Mathematically, (17,21). 
                  
The εi represents the number of detected photons as a proportion of the number of 
photons which fall on the detector surface. This is optimised by the solid angle, which can 
be represented as the detector area divided by the square of the source-to-detector 
distance (13). As a result, the εi is calculated as follows. 
                        
The εi of the CZT is measured and found to be 0.47%, meaning that the CZT εi is 
superior to the TMO εi by 96%. However, this relatively low level of εi value for TMO is 
not the worst. As semiconductors are expected to have higher εi than scintillation 
detectors due to direct conversion, Lee addressed an εi value for CsI[Na] of 10
-2
% at a 
range of E‘s below 80 keV (182). This confirms that even with the early stage of the 
TMO detector manufacturing, superior εi is recorded, compared to CsI[Na].  
In addition, the above εi would support the mechanical polishing of the detectors 
after each deposition to be able to obtain a signal in the order of nA‘s, instead of pA‘s as 
shown in section  6.3.1 Mechanical Polishing. By this method, the CCE will increase 
dramatically, which will lead to a rapid improvement in the εi. This improvement can 
potentially be comparable to the CZT εi [0.47%]. 
Equation 21  
Equation 22  
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7.4.4 Summary 
Experimentally, εabs was obtained and found it to be in the order of 19%. This value is 
comparable to the theoretical value, which was in the order of 22%. Both values [19% 
and 22%] were for 200 µm TMOs thick and at 33 keV.  
Poor CCE was obtained due to contamination, defects and detector design. This led 
to the εi calculation of TMO which was found to be 0.02% at 33 keV. This was compared 
with the measured εi of CZT, which was found to be in the order of 0.47%. Finally, 
mechanical polishing is expected to increase the CCE dramatically and hence, make the 
εi, of TMOs comparable to that of CZT. 
7.5 Noise 
7.5.1 Introduction 
At this early stage of detector optimisation, two principle sources of noise contribute to 
the signal; static noise and manufacturing noise. The static noise is mainly represented by 
the SD and is affected by movement next to the pico-ammeter or TMO detector. As 
movement within 1-2 m will add a few pA‘s to the measured signal, this will affect the 
SD increasingly since the pico-ammeter calculates the SD according to (183,184). 
     
         
  
   
   
  
Where, 
xi: stored reading in the pico-ammeter buffer 
n: number of stored readings 
Ave: mean of the buffer readings 
Fundamentally, electrostatic interface will occur as the moving object will inject 
charge to the circuit, which will not dissipate rapidly, and will cause instability in the 
measurements. However, according to tube x-ray experiment setup [section  3.4.2 System 
Setup and Measurements Protocols], movement would affect the pico-ammeter only as 
the detector is isolated in a separate room. A few pA‘s can be added due to sudden 
motion, so, care was taken prior to each reading to keep movement to minimum as well as 
time was allowed for the detector to stabilise if sudden movement occurred nearby (183). 
Equation 23  
  
152 
Manufacturing noise is linked firmly to the manufacturing process, principally the 
presence of voids and cracks as these act as sinks for the flowing charge and will store 
them. This causes local potential differences, which cause random fluctuations due to 
consistent leakage current. Anderson indicated that defects lead to localisation due to 
static intrinsic disorder as it was explained in section  2.5 Charge Transport Mechanism 
(71). In consequence, the memory effect takes place, which requires time to flush out all 
charge, and return voids and cracks to neutral. On top of that, pure metal contamination in 
the vicinity of the TMOs would inject more electrons to the medium and cause a noisy 
environment. 
7.5.2 TMO Noise Behaviour and Recovery Time 
Figure 87 shows the noise behaviours of TMOD1, TMOD2 and Si photodiode at time 
intervals of 1 min, 15 min, 30 min, 45 min, 60 min, 1440 min [24 h] and 2880 min [48 h]. 
Si shows a steady level of noise as all of the points fall within the SD. Also, Si produces 
noise in pA‘s, where its signals are in nA‘s. This is unlike the TMOD1 and TMOD2, 
which have noise and signals in the pA‘s range. In terms of the TMOD1 and TMOD2, the 
predicted memory effect in chapter  5 Identification of Materials and Limitations, is 
observed. 
For TMOD1, it is noticeable that the noise keeps increasing until it reaches 24 h. 
After a 48 h pause, however, the detector fully recovers and returns to the 1 min status. In 
other words, the detector stored charge of 31 pA in its defects, which needs 48 h to self-
flush out this stored charge. Due to difference in sizes between TMOD1 and TMOD2 [see 
Table 3], TMOD2 takes only 24 h to fully recover. As the detector size increases, more 
charge will be stored in its defects, which therefore needs more time to be self-flushed 
out.  
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Figure 87: TMOD1, TMOD2 and Si photodiode noise pattern in 1 min, 15 min, 30 min, 
45 min, 60 min, 1440 min [24 h] and 2880 min [48 h] 
The noise level is expected to be suppressed as the manufacturing process is 
improved. This is because 30% of defects are relatively high degree of defects and 
elimination of the 30% would lower the noise dramatically. Additionally, the net signal 
will be increased as charge carriers will suffer less trapping/scattering effect. Hence, it 
will be possible to reach the 4 orders of signal magnitude, compared to the noise as 
recommended in  1.2 Desirable Detector Specifications.  
7.5.3 Summary 
The memory issue plays a big role in the behaviour of the detector. This leads to the 
finding that the detector needs time to self-flush out all the stored charge. It was found 
that TMOD1 took 48 h to go back to 0 h behaviour, while, TMOD2 took only 24 h to 
return to 0 h behaviour. This difference is due mainly to the deference in detectors size. 
Recall that this project is aiming to operate the TMO detectors in the photovoltaic mode 
i.e. no reverse bias is applied. 
Increasing the signal together with improving the manufacturing process are 
believed to increase the stability of the detector. This might lead to an insensitivity to 
static charge [pA‘s] as the net signal is increased greatly [hundreds of nA‘s], when 
compared to the introduced static pA‘s. 
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Chapter 8 
8 Conclusions and Future work 
To conclude, it is important to clarify the significant contribution of this thesis to the 
scientific field. Addressing the theory of the Atmos TMOs in particular made it possible 
to tune current TMOs to a specific application, such as p-n hetrojunction based x-ray and 
UV radiation detectors. Moreover, evaluating Atmos prototype TMO detectors against the 
IC proved useful in estimating how far these prototypes are from current detectors. It is 
found that the Atmos prototype TMO detector‘s signal magnitude is 4.5% [average value 
of linearity and photon E dependence] of the IC signal magnitude. Also, reproducibility is 
found to be decreased by 17% at 24 h in the prototype TMO detectors, compared to the 
IC, which has 0.3% variation in 24 h. All these factors make the initial design far from its 
true potential, compared to the desired features. 
EM enabled solutions of the physical limitations of the prototypes, such as 
electrode structure and surface granularity. This led to the application of the new methods 
of PVD and surface preparation [polishing and sputtering]. PVD improved the prototype 
signal magnitude and sensitivity by 18% and 39%, respectively. On top of that, the PVD 
played a big role in reproducibility as it was improved from 17% at 24 h in the prototype 
to the 3.5% at 24 h in the PVD. On the other hand, surface preparation improved the 
magnitude of the signal to increase from pA to nA, making the TMO detectors‘ signal 
magnitude comparable to those of the IC and Si photodiode for both x-ray and UV 
detection. This is because a good agreement between the correlation of Si photodiode and 
PVD TMO detectors were obtained with linear response [R
2
=0.999].  
Calculations of εi proved that the factor which prevents the current TMO detectors 
from their true potential is the CCE. Relatively low εi values were calculated for TMO 
[0.02%], when compared to CZT values for εi [0.47%] at 33 keV. This is believed to be 
mainly due to defects inherited from the manufacturing process.     
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According to the work detailed in this thesis, TMO detectors show high potential 
to be used as radiation detectors. It was demonstrated that TMO detectors are feasible as 
room temperature photovoltaic radiation detectors. This is together with the fact that 
TMO detectors are able to detect radiation in the E range of 5 eV up to 40 keV. This 
range of E opens the field in front of the TMO detectors to be applied widely in many 
fields. 
Therefore, it is the time to directly compare the current TMO detectors 
performance with the desirable detector features detailed in  1.2 Desirable Detector 
Specifications. The same sequence of features will be listed for ease of use as follows. 
- Cost and Robustness 
TMOs are found to be much cheaper than survey meters and Si solar panels. For example, 
Si solar panel would cost £700 per m
2
 (9), compared to the TMO, which will cost less 
than £100 per m
2
. This price includes the manufacturing process as well. Also, in 
comparison with market survey meters, TMOs can provide sensitivity to the same range 
of energy [> 7 keV of γ–ray] with much lower price. 
In terms of robustness, TMOs is not fragile, compared to IC and can be more 
robust than Si e.g. Si Mohs hardness is 6.5, while, Cr2O3 Mohs hardness is 7 (11). On top 
of that TMOs do not require the presence of the passivation film on top of the active area 
surface, which makes life easier for the manufacturer and user. Annealing is the only 
required process to compensate for surface O loss presented in  6.3.2 Argon Ions 
Sputtering. 
- Design 
As it was expressed in  1.2 Desirable Detector Specifications, bare and large active area 
detectors are preferable for solar cell applications. This is because few µm of electrode on 
top of the active area will scatter radiation in the UV range, meanwhile, it will not 
contribute to the signal in the diagnostic x-ray range [see  7.2.1.6 Detailed Line Profile] 
(3).  
This means that the first design [see Figure 6] is more convenient for Solar cell 
applications, whereas, the second design [see Figure 7] is more convenient for radiation 
monitoring. On top of that, the suggested co-planar buried electrode design would provide 
convenient design for both solar cells and radiation monitors (12), which will reduce 
running cost. 
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- Range 
As it was mentioned in  1.2 Desirable Detector Specifications, typical diagnostic x-ray IC 
covers the range from 25 kV to 150 kV (8,10), where TMO detectors was tested for the 
range of 30 kV to 80 kV and showed comparable behaviour to IC. 
In terms of solar cells, TMOs were tested for the range of 5 eV to 40 eV. Although 
UV range starts from 3 eV (3), TMOs cannot be sensitive to less than 4 eV as TMOs are 
wide BG semiconductors [see  7.2.2.5 Detection Uniformity]. 
- Linearity 
TMO detectors showed near-linear relationship with photon fluence rate, which can be 
quantified by the R
2
=0.993, compared to IC [R
2
=1]. Although this linearity is acceptable 
by the American Association of Physicist in Medicine, a correction factor should be 
applied to modify this near-linearity. Therefore, it is advisable to work out a correction 
factor for linearity after the manufacturing process is optimised, otherwise, the linearity 
will vary significantly due to the presence of defects and contamination. 
- Photon Energy Dependence 
As it was explained in  1.2 Desirable Detector Specifications, radiation detectors are not 
expected to show linear response with radiation energy. Interestingly, TMOs showed 
linear response with diagnostic x-ray range as it is in the IC [see Figure 71]. Also, typical 
pattern of the BaD ElPh beamline with Si photodiode was followed by TMO detects [see 
Figure 81]. This makes TMO detectors competitors to Si and IC. However, the 
manufacturing process is still holding these TMO detectors to meet their true potential 
and hence, it should be optimised according to the suggestion in  5 Identification of 
Materials and Limitations. 
- Reproducibility and Signal Stability 
TMO showed boarder line [3%] of reproducibility and stability as was sat by the 
American Association of Physicist in Medicine (18). This is to be compared with IC 
[0.3%] and Si [0.8%] reproducibility. It is believed that optimising the deposition process 
together with the electrode structure would improve the reproducibility to fall beyond the 
border line. 
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- Atomic Number [Z] 
From Table 29 it is found that TMOs have their Zeffe vary from 21-24, which makes 
TMOs more suitable for high energies, compared to Si. Also, from Table 32, TMOs 
showed µ values of 13.1/cm, compared to Si, which was 2.9/cm at 33 keV. Note that, this 
is for 30%-defected TMOs, hence, once the manufacturing process is optimised, µ is 
expected to be increased by 35%. 
- Efficiency 
In order to compare TMOs efficiency [2%] to CZT [47%] at 33 keV, the main factor 
affecting TMO detectors is the CCE. Mechanical polishing was found effective to elevate 
the net signal by 3-4 orders of magnitude, compared to the unprepared samples. Thus, it is 
strongly advisable to prepare the sample after each deposition, either by mechanical 
polishing or sputtering. This will make TMO detectors even compatible to amorphous 
photovoltaic Si in the UV range, which has the maximum efficiency of 8% (3). 
- Noise Level 
TMOs still away from reaching 4 orders of magnitude of the noise in the diagnostic x-ray 
range. However, synchrotron UV could make the TMO to meet this condition [see Figure 
79 Figure 87]. Moreover, polishing the surface after each deposition and controlling the 
deposition process defects by annealing will increase the signal dramatically to meet this 
condition even with diagnostic x-ray as shown in Table 22. 
These novel TMO radiation detectors are at an early prototype stage, with many 
iterations of detector optimisation still to be carried out. However, optimised prototype 
TMO detectors showed comparable behaviour to IC and Si photodiode. PVD electrodes 
and surface preparation ought to be applied as their usefulness has been shown here. 
Recommendations for material depositions, such as gradual cooling process, thermal 
matching substrate together with nozzle masking and cleaning would increase the 
efficiency of the TMO detectors toward their theoretical best.  
Once the optimisation of the TMO detectors is accomplished, TMO detectors can 
deliver a low cost, large area and robust alternative radiation monitor. By this process, it 
will be possible to achieve the aim of this project, which is the active wall tile.  
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In terms of future work, solutions presented throughout the thesis for each 
limitation spotted on the TMO detectors should be implemented. It was possible to fulfil 
some of them [PVD and surface preparation], yet, many developments are still to be 
applied to improve the operation of the current TMO detectors.  
Detector design would have a significant effect in improving the performance of 
the detector and the magnitude of the output signal. Thus, the Co-planar buried electrodes 
design is highly recommended at this stage (12). In this design, no charge loss is expected 
due to the large charge carriers travelling distance. Also, as the mobility of the charge 
carriers in the bulk of the material is twice the mobility on the surface, CCE is expected to 
be improved with the buried electrodes (137). This will improve the εi in return.  
Also, the process of annealing has been mentioned in many sites in the thesis. This 
is because annealing is believed to eliminate many of the defects presented in the 
material, and will enable the TMO layers to re-orientate their particles for relaxed packing 
density. Also, the effect of O loss will be eliminated due to re-oxidation of the surface, so 
long-term reliability is expected. Hence, vacuum annealing is highly recommended 
(12,140,142-144,172). Finally, the use of an alumina substrate is advisable as an 
alternative to the standard ceramic tile substrate. This is because alumina showed 
compatible thermal properties with TMO materials, and so, no cracks due to surface 
tension would be expected. Also, alumina offers a compact surface, which will reduce the 
layers migration effect provided due to ceramic substrate porosity (153,154). 
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9 Appendices 
9.1 Electron Microscopy 
9.1.1 Electron Microscopy Spatial Resolution 
    
Figure 88: x200 magnification of SSR patches [left] and differentiated data points with 
fitted Gaussian model [right] 
    
 
Figure 89: x2k magnification of SSR patches [left] and differentiated data points with 
fitted Gaussian model [right] 
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9.1.2 Grain Size and Nature 
9.1.2.1 Pre-oxidised Powders 
 
Figure 90: n-type MnNi pre-oxidised powder grain before flame-spray [max 50±5 µm] 
 
Figure 91: n-type NiAl pre-oxidised powder grain before flame-spray [max 50±5 µm] 
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Figure 92: p-type Ni pre-oxidised powder grain before flame-spray [max 60±5 µm] 
 
Figure 93: p-type FeCr pre-oxidised powder grain before flame-spray [max 85±5 µm] 
 
Figure 94: p-type FeNiCo pre-oxidised powder grain before flame-spray [max 128±5 µm] 
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9.1.2.2 Flame-sprayed Surface 
 
Figure 95: Another position on the n-type FeCrAlO4 unprepared surface  
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Figure 96: Flame-sprayed surface of n-type NiMn2O4 
 
Figure 97: ROI of granular surface at x65 with histogram inset  
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9.1.3 Contamination and Splash 
 
 
Figure 98: Cu surface contamination of p-type TMO [mixture of FeO and Fe2O3] 
 
Figure 99: Cu surface contamination of p-type TMO [mixture of CoFe2O4 and NiFe2O4] 
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Figure 100: p-n hetrojunction [top view] of the p-type Cr2O3 [left] and n-type NiMn2O4 
[right]  
9.1.4 Surface and Bulk Comparison 
9.1.4.1 Polishing Granularity Estimation 
 
Figure 101: ROI of mechanically polished surface at x65 with histogram inset 
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9.1.4.2 Bulk Defects Estimation 
 
Figure 102: Defects estimation of the ROI with histogram inset; black areas indicate 
defects   
9.1.5 Cross-sectional Analysis 
 
Figure 103: SEM cross-sectional image for defects identification 
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Figure 104: BSE thresholded cross-sectional images for defects and contamination 
identification; black areas indicate defects 
 
Pixel Value 
(arbitrary unit) 
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Figure 105: Surface plot of the ROI shown in Figure 104, respectively 
9.1.6 Substrate Analysis 
 
 
Figure 106: Surface cracks of unprepared sample 
Pixel Value 
(arbitrary unit) 
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Figure 107: Core cracks of polished samples 
9.1.7 Failure of Stacked Design 
 
Figure 108: Flame-sprayed Cu electrode 
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9.2 X-ray Photoemission Spectroscopy 
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Figure 109: FeCr2O4 XPS spectra extracted peaks [data points] and their Gaussian fittings 
[continues lines] of the unprepared surface [before sputtering] shown in Figure 66; in 
order from top to bottom, C 1s, O 1s, Cr 2p3/2, Cr 2p1/2, Fe 2p3/2 and Fe 2p1/2  
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Figure 110: FeCr2O4 XPS spectra extracted peaks [data points] and their Gaussian fittings 
[continues lines] of the prepared surface [after sputtering] shown in Figure 66; in order 
from top to bottom, C 1s, O 1s, Cr 2p3/2, Cr 2p1/2, Fe 2p3/2 and Fe 2p1/2 
  
188 
9.3 Tube X-ray Analysis for PVD 
9.3.1 Reproducibility 
 
Figure 111: Linearity reproducibility of PVD TMOD2 at 50 kV 
 
Figure 112: Photon E dependence reproducibility of PVD TMOD2 at 6 mA 
 
 
 
 
5
7
9
11
13
15
17
19
21
0 1E+13 2E+13 3E+13 4E+13 5E+13
N
et
 S
ig
n
a
l 
(p
A
)
Photon Fluence Rate (p/m2/sec)
0 h
1 h
2 h
24 h
5
10
15
20
25
20 40 60 80 100
N
et
 S
ig
n
a
l 
(p
A
)
X-ray Tube Voltage (kV)
0 h
1 h
2 h
24 h
  
189 
9.3.2 Signal Stability 
Time (min) 
PVD TMOD2 net 
signal (pA) 
1 13.5±0.6 
15 13.6±0.7 
45 13.7±0.8 
90 13.5±0.8 
150 13.5±0.6 
1590 13.7±0.6 
Table 33: Signal stability comparison of PVD TMOD2 at 50 kV and 6 mA 
9.4 UV Analysis for PVD 
 
Figure 113: TMOD4-Si photodiode correlation at 40 eV 
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